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Chapter 1
INTRODUCTION
David Clausnitzer
Department of Crop and Soil Science, Oregon State University2
Increasing awareness of the importance of wetlands in the environment has led
to their legal protection in the United States. In order to be protected, wetlands must
be defined, and wetland locations and boundaries must be identifiable. Observable
field indicators, based on wetland structure and function, are required in order to
consistently and conveniently delineate wetlands.
The unique characteristics of wetlands are expressed in their hydrology, soils,
and vegetation. The U.S. Army Corps of Engineers is responsible for defining
wetlands (Federal Register, 1982) and setting criteria for identifying wetlands on lands
that are not intensively farmed (Environmental Laboratory, 1987). Soils associated
with wetlands are termed hydric; they are soils "that formed under conditions of
saturation, flooding, or ponding long enough during the growing season to develop
anaerobic conditions in the upper part" (Federal Register, 1994). Extended wetness
during periods of biological activity induces chemical conditions that usually result in
soil morphological features employable as field indicators of hydric soils (USDA-
NRCS, 1998). Field indicators are based on distinctive soil color patterns produced by
the redistribution within the soil of iron, manganese, and organic matter, whichare the
main soil pigmenting agents. Field indicators are used in place of instrumental
monitoring or chemical analysis for detecting hydric conditions. A list of currently
accepted and proposed indicators has been compiled by the National Technical
Committe for Hydric Soils.
The semiarid Northern Great Basin contains a variety of landscape depressions
that frequently become ponded and/or saturated during the winter and spring wet
season. These depressions are commonly referred to as 'playas.' In geological3
terminology, a playa is the flat and generally barren lower portion of an internally-
drained arid basin that periodically floods and accumulates sediment (Neal, 1975). In
pedological terms, a playa is "an ephemerally flooded, vegetatively barren area on a
basin floor that is veneered with fine-textured sediment and acts as a temporary or as
the final sink for drainage water" (Glossary Committee, 1997). Both definitions
specif' the absence of vegetation. Some of the Northern Great Basin depressions are
truly devoid of vegetation, while others may appear barren during the dry season but
actually support inconspicuous vegetation for part of the year.
Many of these depressions have low soil iron contents (inherited from parent
materials), low soil organic matter contents (due to relatively low biomass production),
and high pH (due to evaporative accumulation of salts). Consequently, redistribution
of pigmenting agents resulting from the occurrence of strongly reducing conditions is
minimal, and development of conspicuous hydric soil morphological indicators is
greatly inhibited.
The northernmost part of the Basin and Range and the High Lava Plain are two
adjacent physiographic provinces found in the southeastern quarter of Oregon. Each
of these provinces contains its own distinctive type of temporarily ponded depression,
both of which have been traditionally referred to as playas. 'Upland playas' are
distributed across the High Lava Plain; these depressions give an initial impression of
being at least partly vegetated. 'Lowland playas' or 'basin playas' occur in the Basin
and Range; they appear to be completely unvegetated, although the boundary between
vegetated and unvegetated zones is gradual and difficult to delineate precisely.Little attention has so far been directed at either type from the standpoint of
hydric soils and the wetland processes associated with hydric soils. We decided to
conduct a more detailed study of hydric conditions and morphGlogical indicators in
these two depression types by: 1) examining a range of interlinked chemical, physical,
morphological, and botanical parameters; 2) investigating many of the interconnected
processes at work in the depressions; and 3) relating the results of those studies to the
broader context of current knowledge about hydric soils. Initially we called upon the
collective experience of local BLM and NRCS soil and range scientists to suggest
study sites that were more or less "typical." Then, with their assistance, we identified
one site within each depression type as the focal points for this research. In this way
we were able to obtain much more data relevant to the interdependent processes at
work in these soil landscapes than if we had opted to obtain fewer data but on a larger
number of each type of playa. Broad studies of the latter kind are necessary to
extrapolate the results of our work to the larger landscape scale, but they must await
future research.
Our objectives were: 1) to determine whether or not hydric conditions develop
within these sites during the wet season; 2) to examine relationships between soil
morphological features and soil physical and chemical environments at the sites; and
3) to assess the applicability of currently recognized hydric soil indicators to our sites,
and to suggest alternative indicators if necessary. Instrumental field observations of
hydrology, redox potential, and temperature were used, along with laboratory chemical
analyses of ionic concentrations in both soil and water, to evaluate hydric soil
conditions. Morphological features were described in the field using pits dug neareach monitoring site. Samples from each soil horizon described were taken for
comprehensive chemical and physical laboratory analyses, and selected samples of
redox features were studied in even more detail.
This thesis consists of four chapters. The first examines the hydric status of
soils in an 'upland playa,' and includes discussions of instrumental measurements, soil
chemical and physical analyses, and soil morphology observations. The second
chapter deals with the wetland status of the 'upland playa,' and includes vegetation
data. A 'basin playa' is the subject of the third chapter, which includes information in
the same categories as the first chapter. The genesis of Fe-Mn nodules in the 'basin
playa' is discussed in the final chapter.References
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HYDRIC SOILS IN A SOUTHEAST OREGON VERNAL POOL
David Clausnitzer
Department of Crop and Soil Science, Oregon State Universityro
Abstract
Vernal pooi soils in the High Lava Plain of the northern Great Basin become
ponded in most years, but they exhibit only weak redoximorphic features indicative of
hydric soils. We studied morphology, hydrology, temperature, chemistry, and redox
potentials of a vernal pool to elucidate processes of soil genesis, to determine if the
soils are hydric soils, and to evaluate relevant field indicators of hydric soils. Soils
within the pool consisted of a sandy loam phase and a silt loam phase. We collected
data for 3 years from piezometers, Pt electrodes, and thermocouples installed at several
depths at a single monitoring site in each phase. Soil and water samples collected
from each zone were analyzed for pH, salinity, organic carbon, extractable Fe and Mn,
and concentrations of many common cations and anions in solution. Neither phase
ever exhibited subsurface saturation. Both phases were ponded continuously from
January through April or May. Soil temperatures rose above 5°C in late February or
early March. Clayey Bt horizons effectively sealed the soil to maintain ponding and
limit saturation to the upper 10 cm. Low oxygen contents in the saturated soil
confirmed redox potentials indicating anaerobic status; potentials were not low enough
to strongly reduce manganese or iron. However, comparison of soil iron contents
between the pool soils and the upland soil, which provides the parent material for the
pool soils, indicates iron depletion from the pool surface horizons and formation of
redoximorphic concentrations at the A2/Btl boundary. These depletions and
concentrations did not satisfy the criteria of any current hydric soil indicators, but
provide the basis for two proposed indicators, Vernal Pool Depleted Surface andVernal Pool Perched Redox.We propose another indicator,Vernal Pool Algal Crust,
that may delineate the extent of ponding.10
Introduction
Determination of hydric soils is one of the key elements in identifying
wetlands. Hydric soils are defined as soils "that formed under conditions of saturation,
flooding, or ponding long enough during the growing season to develop anaerobic
conditions in the upper part" (Federal Register, 1994). The rationale behind the
criteria listed in the definition is that wet soils will impede diffusion of oxygen into the
soil to the extent that biological activity will induce a reducing environment in the
upper soil horizons, creating a wetland habitat that possesses special biogeochemical
conditions.
Environmental thresholds have been proposed to clarify several of the terms in
this definition. The National Research Council (1995), for example, defines hydric
conditions as "a depth to water table of<1 foot (30 cm) for a continuous period of at
least 14 days during the growing season, with a mean interannual frequency of 1 out of
2 years." Growing season is defined as "the portion of the year when soil temperatures
are above biologic zero in the upper part"(USDA SCS, 1991). Biological zero is 5° C
(Soil Survey Staff, 1975) at 50 cm below the soil surface (NTCHS, 1996). The
definition of anaerobic conditions is less clear. A review of several sources (Sposito,
1989; Gambrell and Patrick, 1978; Bohn et al., 1985; Ponnamperuma, 1972) indicates
a range of empirical Eh values for reduction of various soil components. For the
purposes of this paper, Eh levels (at pH 7) of +350 mV for oxygen, +200 for
manganese, +150 mV for iron, and -150 mV for sulfate are used as approximate
threshold values for reduction, based on a rough consensus of the sources.11
Long-term observations of hydrology, climate, and redox potentials at a given
site are required to make a conclusive hydric soil determination. As such extensive
observations are expensive and inconvenient, visible morphological indicators that
integrate and preserve the effects of recurring conditions are the usual indicators of
hydric soils (USDA NRCS, 1996). These indicators are widely accepted as the
morphological signature produced by a chemical environment associated with
prolonged saturation and anaerobiosis.
Some soils with hydric characteristics, however, do not develop detectable
field indicators. This may be due to parent materials with colors that imitate or
obscure hydric morphological features, or to chemical conditions such as high pH, low
organic carbon content, or low iron content that inhibit indicator formation.
This paper examines the hydric status of seasonally inundated soils in a small
closed depression in southeastern Oregon. Hydric status was ascertained using dataon
climate, plants, hydrology, chemical composition, and morphology of the soils in
relation to the official definition of hydric soils. The data were then used to explain
the nature of any hydric soil field indicators that were observed and the extent to which
such indicators agreed with underlying hydric conditions. Suggestions are made
regarding applications of field indicators in these kinds of wetlands.
Depressions of the type studied are common on the eastern Oregon sagebrush
steppe. They occur throughout the High Lava Plains, which comprise the northern
limits of the Great Basin Physiographic province. The High Lava Plains are underlain
by Late Miocene-Pliocene flow basalts that subsequently, about 6.5 million yearsago,
were covered with the rhyolitic Rattlesnake ash-flow tuff. Common minerals within12
the tuff include glass, alkali feldspar, quartz, magnetite, augite, cristobalite, and
tridymite (Walker, 1979). Many of the depressions thatoccur in the High Lava Plains
have been interpreted as relict secondary hydroexplosion pits that formed when hot
pyroclastic flows covered small bodies of water, generating steam that blasted through
the overlying deposits (Johnson, 1994).
These depressions serve as collection points for local surface runoff (Franidin
and Dyrness, 1988), and because subsoil permeability is very slow, sufficientwater
can accumulate to create perched water tables and prolonged seasonal ponding
(Thorne, 1981; Holland, 1976), even in environments of low total annual rainfall.
During the dry season these shallow depressions mayappear nearly barren, but during
the wet season they do support unique vegetation communities.
Locally these depressions are called upland playas, but the term 'playa' is
probably inappropriate, as true playas are generally devoid of vegetation (Neal,1975;
Glossary Committee, 1997), whereas the upland playas in southeastern Oregonare
generally vegetated. In fact, the vegetation, soils, geology, and hydrology ofthese
seasonally ponded depressions much more closely resemble the Northern Basalt Flow
Vernal Pools as classified in California (Sawyer and Keeler-Wolf, 1995; Franklinand
Dyrness, 1988). Thus we have chosen to characterizeour study site as a vernal pool
rather than an upland playa.13
Site Description
The vernal pooi we studied is located near Palomino Butte in Harney County,
Oregon, about 50 km southwest of Burns. It has an area of 10 ha, and is one of a
cluster of nine similar pools within a radius of 2 kilometers. Within the larger Harney
Soil Survey area there are 313 separate occurrences of similar pools. This particular
pool was considered typical by local NRCS and BLM soil scientists currently
completing a soil survey of the region.
The climate is semiarid with long, severe winters and short, dry summers.
January temperatures range from an average maximum of 2.1°C to an average
minimum of -8.7°C; July temperatures range from 30.1 to 11.2°C. The agricultural
growing season varies from 72 to 98 days; the period of optimum activity for wild
upland plants is from early April through June. Annual precipitation averages 275
mm, a large percentage of which falls as snow. Precipitation maxima occur from
November to January and in May; the minimum occurs from July through September.
Mean annual variation in precipitation, at 22 percent, is less than in most dry regions
(Lentz and Simonson, 1986).
Vegetation consists predominantly of silver sagebrush (Artemisia cana Pursh),
povertyweed (Iva axillarix Pursh), common downingia (Downingia elegans (Dougl. ex
Lindl.) Torn), sedge mousetail (Myosurus apetalus (aristatus) Benth. ex Hook.),
whitehead navarretia (Navarretia leucocephala Benth.), fine-branch popcorn flower
(Plagiobothys leptocladus (Green) I. Johnst.), and water knotweed (Polygonum
watsonii (=P. polygaloides ssp. confertflorum) Meisn.). Some of these species, e.g.14
whitehead navarretia, sedge mousetail, and common downingia, are obligate wetland
plants according to the National List of Plant Species that Occur in Wetlands (Reed,
Silver sage canopy cover was 13% with respect to the entire pool, ranging from
0% where ponding duration was longest to 30-35% in drier parts of the pool.
Accumulated soil beneath these shrubs produces a microtopography of shrub mounds
that often lie above the ponded water level, and interspaces that remain submerged for
longer periods.
The dominant soil in the pool is the Swalesilver series, a fine, smectitic, frigid
Aquic Palexeralf. Swalesilver soils are very deep, somewhat poorly drained soils that
formed in stratified alluvium with an admixture of bess and ash. They typicallyoccur
in small closed basins on lava plateaus or on lake terraces (USDA-NRCS, 1999). The
landscape surrounding the vernal pool is 2 to 3 m above the level of the pool and is
dominated by soils of the Coztur series, a loamy, mixed, superactive, frigid Lithic
Xeric Haplargid. These soils are shallow, well drained soils that formed in residuum
from volcanic and tuffaceous rocks (USDA-NRCS, 1999).
The official description for the Swalesilver series identifies "few fine distinct
yellowish red (5YR 4/6) mottles" (USDA-NRCS,.1999) in the surface horizon.These
are redox features associated with anaerobic conditions and iron reduction, but
because there are only a few of them, they would not be consideredas field indicators
of hydric soils (USDA-NRCS, 1998). Some vernal pools in thisarea have longer,
more consistent saturation regimes that produce more clearly expressed hydric soils15
and wetland vegetation than the vernal pools dominated by Swalesilver soils (Lentz
and Simonson, 1986).
Methods
Two sites were selected for emplacement of monitoring equipment and for
detailed description and sampling of soils. Site 1 was at the lowest elevation, which
was near the edge of the pool and the adjacent upland slopes (Figure 2.1), in a
Swalesilver sandy loam soil. Site 2 was at the highest elevation, near the center of the
pool, in a Swalesilver silt loam soil. The difference in elevation between the two sites
is 0.07m. Detailed morphological data were collected from a single backhoe pit at
each site. Samples of each horizon described were collected both for physical and
chemical characterization (Soil Survey Laboratory Staff, 1992) and for laboratory
examination at 15x and 30x to verify some of the redox features observed in the field.
Additional samples of surface soil were taken randomly and at 25 m intervals
along a 250 m transect that began in the upland transition beyond Site 1 and extended
just beyond Site 2 in the center of the pool (Figure 2.1). These samples were used to
examine spatial variation of soil texture, as determined by the hydrometer method
(Gee and Bauder, 1986), and the amounts of oxalate-extractable and dithionite-citrate
extractable iron, as determined by atomic absorption spectroscopy (Soil Survey
Laboratory Staff, 1992).
Groundwater observations were made at Sites 1 and 2 using piezometers
(Austin, 1994) installed in triplicate at depths of 25, 50, and 100 cm. A single16
piezometer at 200 cm also was installed at each site. Depths of ponding were
measured both at Sites 1 and 2 and at intervals along the same transect established for
soil samp''
00 Ranch Road
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Figure 1. Palomino Butte vernal pool and permanent transect.
Redox potentials were measured with platinum electrodes constructed and
installed according to procedures outlined by Austin and Huddleston (1999) and Szogi
and Hudnall (1990). Electrodes were installed in triplicate at depths of 25, 50, and 100
cm at both sites. Prior to the third and final field season, additional sets of three17
electrodes were installed at 5 cm depth at Site 1, in the bare interspace between shrub
mounds at Site 2, and within a silver sagebrush mound at Site 2. All field datawere
obtained using a calomel reference electrode; final readings were adjusted to the
standard hydrogen electrode by adding 244 mV to all readings.
Soil temperature was measured with Type K thermocouples installed without
replication at depths of 5, 25, 50, and 100 cm at both Sites 1 and 2. A Cole Palmer
Digi-Sense Digital Type K thermocouple thermometer was used to obtain field data.
Monitoring of all instruments, except for those at 5 cm, was done for three
years at approximately 2-week intervals during the wet season, and less frequently at
other times. Data from the 5 cm instruments were collected for only the last field
season.
Pondwater samples for chemical analysis were collected in the spring of 1998
and filtered through a 0.2 im cellulose acetate membrane filter directly into 20m1
polyethylene scintillation bottles. Samples intended for analysis of iron and
manganese were acidified below pH2 with 50tlconcentrated HCI to impede
oxidation of reduced species and avoid adsorption of ions on the container walls
(Buffle, 1988).
Samples of soil solution were obtained from saturated surface soil by damming
a small area of ponded soil using the upper half of a plastic drywall compound tub,
removing surface water with a cup and sponge, and excavating the 4-5cm (essentially
the Al horizon) of saturated soil. These soil sampleswere placed immediately in
plastic freezer bags, the air was expressed, and the bags were sealed and placed in
insulated coolers for transport to the laboratory at about 40 C. Each samplewasII
kneaded in the bag and extruded though a small hole cut in the corner directly into a
50 ml centrifuge bottle. Each bottle was filled to the top and capped inmiediately.
Soil solution was separated by centrifuging at 33,000 g for 90 minutes in a Sorvall
Superspeed RC2-B refrigerated centrifuge using an SS-34 rotor. The supernatant was
decanted into scintillation bottles, some of which were acidified as above, and passed
through 0.2jt filters.
Both pond water and soil solution samples were analyzed for dissolved Al, B,
Fe, Mn, Si, K, Ca, Mg, and Na using a Perkin Elmer Optima 3000DV inductively
coupled photometer with commercial standards. Reported values are the means of 3
replicate readings.S042,C1, and F- were analyzed on a Dionex 2000 ion
chromatograph with an AS4A-SC column. NO3, NH4, HP042, andFe2were
determined with a Lachat colorimetric analyzer. Solution pH was measured witha
Sper Scientific pH analyzer with combination electrode, calibrated to pH 7 and pH 10.
Electrical conductivity was measured on an LF191WTW Conduktometer. Dissolved
(<0.2.tm) organic and inorganic carbon were measuredon a Dohrman DC- 190 high-
temperature carbon analyzer. Chemical speciation, charge balance, and saturation
indices were analyzed using the Minteq program (Allison et al., 1991).
Features described as soft masses in the Al and A2 horizons were isolatedon
small ped samples, which were then mounted on aluminum scanning electron
microscopy (SEM) mounts using DUCO cement or carbon adhesive and coated with
spectroscopic carbon to a thickness of about 30A in a Varian VE1Ovacuum
evaporator. These samples were photographed on an AmRay Model 3300 FE
scanning electron microscope using Polaroid Type 55 positive/negative film.19
Elemental analysis was done on the SEM with an IXRF x-ray energy spectrometer
using a light element detector and IRIDIUM software. Relative elemental
concentrations are represented by x-ray counts per 120 seconds at the centroid of each
element peak. Relative Fe-Mn content of soft masses versus neighboring soil matrix
was done by marking the masses with wedge-shaped slivers of metal tape before
carbon coating of samples. Semi-quantitative analysis of both Fe and Mn was doneon
the surface of the soft masses, in the matrix 3 mm from the masses, and in the matrix 6
mm from the soft masses.
Results and Discussion
Data on soil and water chemistry are shown in Tables 2.1 and 2.2. They show
that the soils of the vernal pooi are neutral to slightly alkaline and non-saline. Ponded
water is non-saline fresh water with low ionic strengths. Data that document the fact
that both Swalesilver soils in the Palomino vernal pool are indeed hydric soilsare
summarized in Figures 2.2 and 2.3. These data show that there is sufficient overlap
between the period of ponding in springtime, the times when the soil temperature is
above biological zero, and the times during which the redox potentialsare below the
threshold for anaerobiosis to fully satisfy the conditions set forth in the definition of
hydric soils. Morphological data summarized in Table 2.3 confirm thepresence of
shallow, clayey horizons that control the pool's hydrology. As will be shown,
although some redoximorphic features are present, none of the current field indicators
of hydric soils are completely satisfied.20
Table 2.1. Soil chemical properties.
EC Org. Fed Fe0!Mnd
HorizonDeDth cmpfldS rn'
Sandy loam:
Al 0-6 6.80.120.210.060.30.20trace
A2 6-10 7.00.080.190.040.60.07trace
Btl 10-28 7.60.200.330.060.60.10trace
Bt2 28-40 7.90.290.360.070.50.14trace
Bk! 40-65 8.30.520.220.050.40.13trace
Bk2 65-88 8.20.990.180.060.50.12trace
BC1 88-107 8.1 1.240.110.080.50.16trace
BC2 107-1377.82.570.080.130.90.14trace
Cr 137-1527.82.750.060.242.00.12trace
Silt loam:
Al 0-4 6.10.161.170.110.60.180.1
A2 4-12 6.60.090.480.090.70.130.1
Btl 12-32 7.20.240.500.090.80.11trace
Bt2 32-47 7.80.300.510.090.70.13trace
Bk 47-91 8.20.500.260.060.60.10trace
BC 91-132 8.10.640.200.080.70.110.1
2Bt 132-1547.9 1.040.120.100.70.140.1
2Bssl 154-1727.8 1.430.110.110.90.120.1
2Bss2 172-2027.2 1.950.110.141.10.130.121
Table 2.2. Pond water and soil solution chemistry (activities inmolal).
Component Pond water Soil solution
Al 2.3 2.3
B 1.2 2.0
Ca 156.0 268.2
Fe3 6.3 7.2
Fe2 3.0 5.7
Mg 86.7 200.3
Mn 1.1 4.6
Na 1324.5 2466.0
K 266.3 453.7
Si 577.9 749.5
F 13.8 15.0
Cl 105.1 63.8
NO3 17.2 17.8
10.5 7.4
HPO4 8.1 10.69
15.4 14.5
C032 3.4 1.1
HCO3 1090.0 2427.0
H2CO3aq 24.2 460.0
CO2aq 12550.0
DOC 2116.0 2539.0
02 0.0
EC(dS/m) 0.111 0.193
Ionic strength (molal) 0.001 0.002
pH 7.91 7.00
Eh(mV) 257400
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Figure 2.2. Redox, ponding, and soil temperatures in thesandy loam soil.
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Figure 2.3. Redox, ponding, and soiltemperatures in the silt loam soil.
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Table 2.3. Selected physical and morphological properties of vernal pooi soils.
Fine
ClaySandClayMoist Redox
Horizon Depth cm% %J Color Features'
Sandy loam:
Al 0-6 3 61 2 1OYR 511fif 1OYR 4/4 sm
A2 6-10 29 29 11 1 OYR 4/3fi f 1 OYR 4/4 Sm; fi sn
Btl 10-28 50 15 13 1OYR 4/2fid 2.5Y 5/4 Sm; flsn
Bt2 28-40 61 10 23 2.5Y 5/3fif 1OYR 4/6 sm
Bk! 40-65 51 12 92.5Y 5/2fif2.5Y 4/5 sm; flsn
Bk2 65-88 54 15 11 2.5Y 5/3none
BC1 88-107 53 20 122.5Y 4/3cid IOYR 5/8 p1;
fd 1OYR 1/1 Mnonped
surfaces and pore linings
BC2 107-137 51 23 11 2.5Y 4/3mid 1OYR 5/8 p1
Cr 137-152 40 30 132.5Y5/4mid 1OYR1/iMnon
peds
Silt loam:
Al 0-4 18 26 4 1OYR 4/2cid 2.5Y 4/4 sm
A2 4-12 46 15 252.5Y4/2fldsm
Btl 12-32 72 3 252.5Y4/2cldsm
Bt2 32-47 82 3 442.5Y4/3none
Bk 47-91 50 4 92.5Y 5/3cld sm
BC 91-132 61 4 152.5Y4/3cidsm
2Bt 132-154 63 4 162.5Y4/3cldsm; lfd Mnped coats
2Bssl154-172 65 4 182.5Y5/3cldsm; lfdMnped coats
2Bss2172-202 69 4 225Y 3/2 cld 2.5Y 5/4 Sm; c2d 2.5Y
2/1 coats on ped faces
and pores
'f=few, c=common, m=many; 1=fine, 2=medium; f=faint, ddistinct;sn=soft nodules,
smsoft masses25
Soil Chemistry
Standard chemical analyses performed on bulk soil samples from the two
description pits showed similar profile trends in both soils (Table 2.1).Both soils had
slightly acidic Al horizons; pH increased with depth to maxima in the Bk horizons.
Electrical conductivity, a measure of salinity, was low in the Al horizons, still lower
in the A2 horizons, and then increased significantly with depth in both soils. The more
densely vegetated silt loam phase in the center of the pooi had much higher organic
carbon, exchangeable cations, CEC, and lower pH than the sandy loam phase, which
was vegetated primarily by small herbs.
Pedogenic iron contents extractable by the dithionite-citrate method were well
under 1% (Table 2.1) which is at the very low range of soils in general. Manganese
contents ranging from a trace to 0.1% were in the low to midrange of soils (Tisdale et
al. 1993).
Organic carbon levels were low throughout. Using a multiplier of 1.9 to
estimate organic matter content from organic carbon data (Nelson and Sommers 1982),
all horizons contained less than 1.5% organic matter, which, according to
Ponnamperuma (1972), will maintain positive soil redox potentials for several weeks
after submergence. Carbon levels too low to develop strongly reducing conditions,
combined with small amounts of iron and manganese, explain why redoximorphic
features are weakly expressed in these soils.26
Solution Chemistry
Analysis of both ponded surface water and interstitial soil water from the Al
and upper A2 horizons revealed rather dilute solutions for a hydrologically closed
temporary pooi subject to high annual evaporation (Table 2.2). Compared with
compiled lists of solution compositions of terrestrial waters (Buffle, 1988; Stumm and
Morgan, 1996), most measured chemical components ranked in the low to average
ranges. Surface water in the vernal pooi is neither strongly alkaline nor saline; there
has apparently not been appreciable long-term accumulation of salts as is observed in
other hydrologically closed water bodies in arid and semiarid climates. Electrical
conductivity of surface water in the pool increased between March and June 1998
from 0.055 dS/m to 0.193 dS/m, indicating seasonal concentration of solutes through
evaporation. However, this range of electrical conductivities still represents dilute
solutions, with ionic strengths ranging from 8.Oe-4 to 1 .3e-3 molL1as calculated by
the Marion-Babcock equation.
The pH of the soil interstitial solution (Table 2.2) was neutral, as the pH of a
slightly acidic soil solution would rise toward 7 as reduction reactions consumed
protons (Ponnamperuma .1972). The pH of the pond water was much more variable
and was highly dependent on the time of day at which the measurement was made.
Numerous pH readings taken late on sunny afternoons averaged 9.20 (s.d.= 0.30).
Numerous other readings taken before sunrise the same or next day averaged 7.28
(s.d. = 0.13). Such fluctuations are not unusual in weakly buffered surface waters27
because photosynthesizing plants take upCO2during the day and release it by
respiration at night (Keeley, 1981).
Active photosynthesis during the day can cause water to become supersaturated
with respect to oxygen (Keeley and Morton, 1982), which may inhibit the reducing
conditions that tend to &velop in submerged soils (Zedler, 1987). However, the slow
rate of oxygen diffusion relative to demand can limit the aerobic soil layer to a
thickness of a few millimeters, even when pond water is supersaturated with oxygen
(Watanabe and Furusaka, 1980). The effect of oxygenated surface water on interstitial
solution chemistry is probably influenced by mass flow exchange of water, which in
turn would be controlled by soil texture and porosity.
Activities of dissolvedCO2and02were estimated from equilibrium modeling
using Minteq software. Estimated carbon dioxide content of the surface pond water
was lower than it would have been if in equilibrium with the atmosphere as calculated
by Henry's Law. This agrees with the high pH of this water, which was sampled on a
sunny morning during which algae and pre-emergent vascular plants had been taking
CO2out of solution. The submerged soil interstitial solution was estimated to contain
dissolvedCO2in equilibrium with soil air enriched withCO2roughly 10 times that of
the open atmosphere, characteristic of soil in which microbial respiration is consuming
oxygen faster than it can diffuse into the soil. Interstitial solution02was estimated at
a negligible 3.le-35 micromolar.
Activities of iron and manganese are shown in Table 2.2. Field tests using
a,a'-dipyridyl gave no visible indication of the presence of reduced iron in the wet
surface soils. Ferric iron activity in the soil interstitial solution and groundwatersamples were within the midrange of levels for terrestrial soil solutions in general
(Wolt, 1994; Stumm and Morgan, 1996). Dissolved ferrous iron and reduced
manganese were present during the wet season, but were in the low range in the wider
context of reduced soils (Xie-Ming 1985, Meek et al. 1968).
Growing Season
Three years' data from Sites 1 and 2 (Figures 2.2 and 2.3) show that the soil
temperature at 50 cm was consistently below 5°C during January and February and
rose above that threshold during late February or early March. The end of the growing
season is less well defined, but appears to be sometime in December. During these
three years the vernal pool never became ponded in the fall until after the temperature
had fallen below biological zero, therefore not meeting hydric criteria in the fall.
In the absence of specific soil temperature data, soil temperature regimes have
been used to approximate the onset and duration of the growingseason (USDA-SCS,
1991). The Swalesilver series is classified as a frigid soil, for which the equivalent
growing season is assumed to be May through September. Our data suggest that the
soil temperature regime at this site is more nearly mesic than frigid, for which the
corresponding assumed growing season is March through October.
The vernal pool plant community provides additional information about the
nature of the growing season for these soils. Wild upland plants in the northwestern
Great Basin, which has a dry Mediterranean precipitation pattern, necessarily begin
growing as soon as possible in late winter or early springso plants can complete their29
life cycles by utilizing soil moisture stored during the rainy season. By mid-summer,
soil moisture is depleted to levels that induce dormancy in most plant species.
Consequently species with a C3 photosynthetic pathway, which is advantageous for
plants growing during the cool season, predominate in this region. Most of the native
upland plants begin growing acLively by March or early April, and only a few,
primarily phreatophytes, remain active into August or September. The effective
growing season for vernal pool species, however, is shorter than that defined by either
soil temperature or native upland plants because these species require inundated or
saturated conditions that disappear rapidly as temperature increases and precipitation
decreases with the progress of spring.
One further piece of evidence supporting an early beginning of the growing
season for vernal pool species is provided by Plagiobothrys leptocladus. Seedlings of
this plant, which is a small plant endemic to vernal pools, were observed, along with
algae and small invertebrates, growing under water each year in February and March,
often while the surface was frozen.
Considering all of the evidence, we think it is reasonable to designate March 1
as the approximate beginning of the growing season for the soils of the vernal pool,
and we will use this date to determine whether conditions of ponding and anaerobiosis
also occur long enough during the growing season to create hydric soils.30
Hydrology
Perhaps the single most significant aspect of the hydrology of these vernal pooi
soils is that, at no time during 3 years of observations, did any of the piezometers at
any depth ever have any water in them. Simply stated, the soils were never saturated.
Groundwater was neither moving into vernal pool subsoils by throughflow from the
surrounding uplands nor moving downward through the soil beneath accumulated
pond water rapidly enough to develop saturated conditions in the subsoil. The
hydrology of the soils in this vernal pooi is controlled entirely by direct precipitation,
surficial input by runoff from surrounding uplands, and perching of water above a veiy
shallow, clayey, and virtually impermeable Bt horizon (Table 2.3).
There was essentially no difference in ponding dynamics between the
Swalesilver sandy loam site at the edge of the vernal pooi and the Swalesilver silt loam
site near the center of the pooi. Over the three years of observation, ponding
consistently began in late December or early January. Given that there are only 10-12
cm of soil above the restrictive clayey B horizon, and assuming that evapotranspiration
is essentially zero in November and December, it would take only 4-5 cm of
precipitation to completely saturate the topsoil such that further inputs would lead to
ponding. The minimum amount of cumulative November/December precipitation
corresponding with the onset of ponding was 4.1 cm.
The duration of ponding was also similar at both sites, although the sandy loam
site near the edge of the pool, which was at a slightly lower elevation, did show some
tendency to remain ponded a little longer than the site in the center of the pool,31
particularly in 1998. Both sites, however, remained continuously ponded from early
January until sometime in April, depending on the year. Both sites also briefly
redeveloped ponded conditions in late May - early June in 2 of 3 years (1996 and
1998) in response to unusually large precipitation events.
Further evidence that most of the water inputs to the pool are from direct
precipitation is the low salinity and the low ionic strength of the pond water (Table
2.2) before desiccation in spring. Water that flows through soils commonly contains a
much higher concentration of salts than does water derived from direct precipitation
(Hanes et al., 1990).
Dilute pond water and the lack of appreciable long-term accumulation of salts
at the pool surface also suggest the presence of an outlet for water besides
evapotranspiration (Hanes et al., 1990; Wood and Sanford, 1990), providing for
downward movement of dissolved salts in the profile, as Weitkamp et al. (1996)
observed in California vernal pools. Lacking such outlets would lead to small leakage
ratios (ratio of water outflow to inflow), which have been shown to profoundly affect
accumulation of salts and evolution of closed-basin waters to highly concentrated
solutions (Wood and Sanford, 1990).
The main route of mass water flow from ponded vernal pools is most likely
downward through cracks, root channels, and other macroscopic channels (Zedler,
1987). Downward seepage in our vernal pool is difficult to determine directly, but can
be inferred from indirect evidence. Presence of fine and very fine plant roots
throughout the sola (A and B horizons) indicates availability of water. Both soils have
Bt horizons, clay films, downward increases in fine clay, and Bk horizons (Table 2.3),32
indicating translocation of fine clay and dissolvedCaCO3in downward-percolating
waters. Increasing amounts with depth of both soluble salts, as determined from
saturated paste electrical conductivity, and exchangeable cations (Table 2.1), also
suggest downward movement of water through the pooi soils.
Gravimetric moisture samples showed saturation of the Al and A2 horizons of
both soil phases during the period of ponding, with water contents somewhat higher
than 1/3 bar water contents determined in the laboratory on pit samples (Table 2.4).
Water contents were not measured in the very hard Bt horizons, but soils in those
horizons felt dry to the touch. Water penetrated deeper beneath silver sage plants,
where soils were wet as deep as 30 cm.
Table 2.4. Water contents (percent by volume) ofAl and A2 horizons.
Site 1 (sandy loam) Site 2 (silt loam)
Field Lab Field Lab
water 1/3 bar water 1/3 bar
Horizoncontentwater Horizoncontentwater
1 19.5 10.2 1 45.1 33.1
1 20.6 10.2 1 47.9 33.1
2 27.4 17.1 2 49.6 19.0
2 43.2 17.1 2 53.0 19.0
Given that the growing season begins about March 1, and that the soils remain
ponded until at least April 1, even later during some years, we can conclude that the
soils are ponded for at least a month during the growing season, It only remains to33
determine if that duration of ponding during the growing season is sufficient to
develop anaerobic conditions in the upper part.
Redox Potentials
Redox potentials at 25, 50, and 100 cm remained fairly static at both sites
throughout the 3 years of observations, fluctuating between 250 and 325 mV during
the wet season and shortly thereafter (Figures 2.2 and 2.3). Potentials appeared to drop
slightly during periods of ponding and rise slightly after ponding disappeared, but they
were insensitive to changes in soil temperature while ponded. Using the approximate
reduction thresholds at pH 7 of +350 mV for oxygen, +200 mV for manganese, +150
mV for iron, and 150 mV for sulfate, our vernal pool soils became anaerobic and
remained so for long periods during the wet season, but rarely sufficiently so to reduce
iron.
Eh levels at 5 cm in the Swalesilver sandy loam soil near the edge of the pool
were much more variable than levels in deeper horizons (Figure 2.2). Before the onset
of ponding, redox potentials were identical at 5 cm and 25 cm. After ponding, the Eh
at 25 cm remained between 275 and 300 mY, while the Eh at 5 cm increased to a fairly
steady level of about 325 mV, where it remained until the end of February. We
attribute the Eh increase at 5 cm to an infusion of oxygen dissolved in cold rainwater
and runoff entering the basin, thereby increasing the oxygen content of the soil
immediately beneath the ponded water. Potential at 5 cm dropped below 300 mY at
the end of February and remained so through March. This period coincides with rising34
soil temperatures that would have encouraged biological activity and accelerated the
reduction of oxygen.
Near the end of March the potentials rose again, despite increasing
temperatures and persistent ponding that would have been expected to induce lower
potentials or at least maintain them at a low level. This may be explained by the
photosynthetic activity of the algae and submerged vascular plants that were growing
rapidly throughout this final phase of ponding. Subaqueous photosynthesis leads to
oxygen supersaturation of surface water, which enhances diffusion of oxygen into the
submerged surface horizon of the soil and increases the redox potential.
Redox potentials rose sharply in late April as surface ponding disappeared.
They proceeded to drop somewhat, then became very low again upon restoration of
ponding by May rainfall. Warm temperatures combined with a relatively high level of
labile organic carbon left over from plant growth during the initial ponding period
would provide ideal conditions for microbial depletion of soil oxygen. These
conditions were short-lived, however, as the Eh rose sharply to its highest observed
level even while the soil was still saturated. This may have been due to depletion of
labile carbon, possibly in conjunction with photosynthesis by algae.
Redox potentials at 5 cm in a shrub interspace at the silt loam site in the center
of the pooi (Figure 2.3) behaved in a manner similar to that observed in the nearly
barren sandy loam soil. At the onset of ponding they dropped to the range of 200-250
mV, where they remained for a few weeks while ponded. Potentials began to rise
again in March, even before all the pond water had disappeared, probably due to the
same biological factors discussed for the sandy loam site.35
Shrub mounds occupy25-35%of the surface area of the silt loam site, and the
redox potentials at5cm beneath them behaved differently than in the interspace soil or
the sandy loam soil. At the onset of ponding in February, with soil temperatures
hovering around5° C,shrub mound redox potentials dropped steadily to about 200
mV, where they remained for a longer period of time, throughout the duration of
ponding. At this same time, however, electrode potentials at5cm in both the sandy
loam and the silt loam interspaces were rising. Potentials in the shrub mound soil then
rose slightly in March, as in the other two5cm installations, but still remained in the
anaerobic range around 200 mV until the end of April. Thereafter, Eh fluctuated in
accord with changes in ponding. Rising soil temperatures had no effect on potentials.
Because shrub mounds represent zones of accumulation of carbon in soils of Great
Basin shrub steppe vegetation communities (Doescher et al., 1984), we attribute the
lower, more steady Eh levels in the shrub mound soil to higher organic carbon levels
and to less effect from photosynthetic02production by aquatic plants due to slightly
higher elevation of the mounds and shading of the surface by shrubs.
Summary of Hydric Conditions
It appears likely that the pooi is ponded during the observed growing season for
a week or two in most years. Redox potentials in the surface horizons were
sufficiently low to reduce oxygen, manganese, and in some cases iron.
Evidence is sufficient to classif' the vernal pool soils as hydric soils, in that
anaerobic conditions develop in upper soil horizons due to sufficiently long pondingduration during the growing season. Development of morphological features
attributable to reduction and translocation of manganese and possibly iron would be
expected under the observed conditions. However, formation of abundant andlor
conspicuous hydric soil indicators might be inhibited due to redox potentials that were
not strongly reducing for iron.
Redoximorphic Features: Depletions
Munsell colors of the Al horizons of both soils exhibit low chromas and high
values (Table 2.3). Such colors often are associated with a depleted matrix (USDA-
NRCS,1998). Organic carbon contents are low in these two horizons, particularly in
the sandy loam soil (Table 2.1), and this may partially explain why these surface soils
are so light-colored. We will present evidence, however, based on the origin of the
sediments and the redistribution of iron in the vernal pool, that these horizons are more
like true redox depletions as Vepraskas (1996) has defined them.
During rain events soil was observed eroding off the surrounding uplands and
being transported downslope to the edge of the basin. Particle size data (Figure 2.4)
show clearly how lateral transport of this alluvium sorts it, leaving coarser materials
deposited around the edges and increasingly finer materials deposited toward the
center of the roughly oval pooi.80
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Figure 2.4. Surface soil texture from upland to pool center.
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Site 2If the loamy upland soil is the source area for the surficial sediments in the
vernal pool, then those sediments should have the same color and iron content as the
upland soil. They don't. The moist color of the upland soil is 1OYR 3/2. At the base
of the toeslope, where the Swalesilver sandy loam phase abruptly begins, the moist
color is 1OYR 5/1. The boundary between these two surface soil colors approximates
the maximum extent of ponding observed in the pool over 3 years. In the center of the
pool, where the Swalesilver silt loam soil occurs, the moist color is 1OYR 4/2.
Although these differences could be attributed solely to differences in organic carbon,
extractable iron data suggest a different story.
Dithionite-citrate extractable iron (Fed) includes secondary crystalline oxides
(goethite, hematite, lepidocrocite), poorly crystalline or amorphous oxides
(ferrihydrite), and organically-complexed iron, whereas oxalate extractable iron (Fe0)
includes only ferrihydrite and organically-complexed iron (Soil Survey Laboratory
Staff, 1992). HighFeOfFed ratios generally indicate alternating reducing/oxidizing
conditions (Schwertmann 1988, 1993) that inhibit formation of secondary crystalline
oxides by periodic dissolution and relatively fast precipitation of iron. FeJFed ratios
also tend to be higher in horizons containing more organic carbon (Schwertmann et al.
1986), but in cases where complexing organic matter is not abundant, as in the vernal
pool soils,is considered to be mainly ferrihydrite (Schwertmann et al. 1982).
Both iron extraction methods, particularly the oxalate treatment, extract a
portion of any magnetite in the sample (Parfitt and Childs, 1988). Magnetite is usually
a primary mineral, but it can be formed biologically in situ in soils and sediments39
(Maher and Taylor 1988; Fassbinder et al. 1990), and its presence can partially
confound interpretations of the extraction data. Primary magnetite is known to be
common in the soils of the study area, but magnetite was not removed from the sample
before treatment because separation with a hand magnet removes small soil aggregates
and even organic matter particles in addition to discrete mineral grains. Oxalate-
extractable iron in the upland soil was low, however, so magnetite probably does not
comprise a major fraction of the iron in these soils.
The Fed content of the upland surface soil was 1.12%, considerably higher than
values of 0.3 and 0.6% for the sandy loam and silt loam vernal pooi soils, respectively
(Table 2.1). Thecontent of the upland surface soil was 0.13%, as compared to
0.06% and 0.11% for the sandy loam and silt loam soils. The FejFed ratio of the
upland soil was 0.12, somewhat lower than ratios of 0.20 and 0.18 for the vernal pool
soils (Table 2.1).
These data suggest that the relatively high iron content of the upland soil is
depleted and redistributed upon deposition in the vernal pool. Maximum depletion
occurs in the sandy loam phase at the margin of the pool, where the elevation is the
lowest and the duration of ponding is the longest. Crystalline iron (Fed) apparently is
solubilized, in this horizon; our one year of redox data show that Eh values did
approach the assumed threshold for iron reduction, and the iron data suggest that over
time iron reduction must occur. Some of the mobilized iron reprecipitates in the Al,
probably as ferrihydrite, raising the FejFed ratio slightly. Some is translocated out of
the Al, resulting in much lower Fed. The A2 horizon has a higher chroma (Table 2.3),
twice as much dithionite iron, and a lowerFeO/Fed ratio than the Al (Table 2.1).40
Because organic carbon is equally low in both horizons, it has little or no impact on
theFeO/Fed ratio. The evidence suggests that at least some of the iron mobilized from
the Al is leached into the A2, where it precipitates, not as ferrihydrite, but as more
ciystalline forms. The trend continues into underlying Bt horizons, though it is less
pronounced.
The same process appears to be at work in the silt loam soil in the center of the
pooi, though perhaps with less intensity. Total pedogenic iron content was twice that
in the sandy loam soil, in part because iron oxides may be attached to clay particles
and transported with the finer sediments away from the edge (Fanning and Fanning,
1989), to later accumulate in the center. At 0.6%, however, the Fed content of the Al
horizon is still much less than in the original upland soil, and as both Fed increases and
the FeJFed ratio decreases with depth, this soil, too, appears to be depleted of iron in
the Al and to have concentration of iron as secondary crystalline oxides in the A2 and
Bt horizons.
Redoximorphic Features: Soft Masses and Pore Linings
The Al and A2 horizons of the Swalesilver silt loam soil in the center of the
pool were described as having common fine distinct olive brown (2.5Y 4/4) soft
masses (Table 2.3). At first glance these may appear to be redox concentrations, but
they are much more yellow than what one would expect for secondary ferrihydrite
(Vepraskas, 1996). To detennine whether iron and manganese were actually
accumulating in these sites we conducted X-ray elemental analysis of two41
representative specimens from 11 Om and 115 m along the transect, near the silt loam
site. In both cases, X-ray counts for iron were higher in the matrix than on the area
described as soft mass, and manganese was about the same in both matrix and soft
mass. Thus there is no evidence for preferential accumulation of iron or manganese in
the features described as soft masses, and they should not be considered as redox
concentrations.
The sandy loam soil at the edge of the pooi also contained a few fine faint soft
masses in the Al and A2 horizons. Elemental analyses of samples at 0 and 25 m along
the transect, however, suggest that there is a relative concentration of iron and
manganese in and adjacent to these described morphological features, and their 1OYR
color could be interpreted as a possible accumulation of goethite (Vepraskas, 1996).
Unlike the silt loam soil, therefore, we interpret these soft masses as true redox
concentrations indicative of the hydromorphic process of soil development.
Redoximorphic Features: Nodules and Concretions
Most of the horizons in both soils were described in the field as having few
very fine soft nodules and concretions. Specimens wet-sieved from the upper horizons
of the vernal pooi soils and inspected at 15X and 30X magnification consistently could
be grouped into smooth and rough types. One specimen of each type was examined by
SEM. The smooth nodule (Figure 2.5a) had a very smooth, nearly featureless surface
(Figure 2.5b) and a strong X-ray count peak (Figure 2.6) for iron, suggesting that it isFigure 2.6. SEM elemental analysis of smooth nodule surface.44
primary high-iron basaltic glass. The rough nodule (Figure 2.7a) appeared to be
elastic, consisting of cemented feldspar crystals (Figure 2.7b). SEM analysis showed
it to be very siliceous, with very small iron and manganese peaks (Figure 2.8),
suggesting primary geologic origin.
Although these nodules occurred under conditions of seasonal wetness and
reduction, they did not always co-occur in horizons with soft iron masses and they did
not exhibit diffuse boundaries with the surrounding matrix. Based on these
characteristics, their micromorphology and their elemental composition, we do not
consider them pedogenic features. Their presence is better explained by the
documented occurrence of rounded black nodules that weather out of the lower part of
the volcanic tuff parent materials in the Palomino Butte area (Johnson, 1992) andare
transported into the playa as part of the sediment.
Evaluation of Existing Hydric Indicators
Three recognized hydric soil indicators (USDA-NRCS, 1998), F3 (Depleted
Matrix), F8 (Redox Depressions), and F9 (Vernal Pools) were evaluated in the two
soils within the vernal pool soil. Both F3 and F9 require a layer of soil with high value
and low chroma matrix colors (a "depleted matrix", indicating reduction and removal
of iron), with or without redox concentrations, dependingon the actual color of the
depleted matrix. If the potential depleted matrix is an A horizon, however,common or
many, distinct or prominent redox concentrations as soft masses or pore linings must45
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Figure 2.8. SEM elemental analysis of rough nodule surface.
I tbe present.Indicator F3 requires a minimum thickness of the depleted layer that is
either 15 cm and starts within 25 cm of the surface, or 5 cm and occurs entirely within
the upper 15 cm. Indicator F9 requires that the depleted layer be at least 5 cm thick
and entirely within the upper 15 cm. Indicator F8 does not require a depleted matrix,
but does require 5% or more distinct or prominent redox concentrations as soft masses
or pore linings in a layer 5 cm or more thick entirely within the upper 15 cm.
The silt loam soil at the center of the vernal pool fails all three indicators. The
Al and A2 horizons together are entirely within the upper 15 cm (Table 2.3), and both
have matrix colors of 4/2. To qualify as a depleted matrix, however, this combination
of value and chroma also requires at least 5% distinct or prominent redox
concentrations as soft masses or pore linings. Although the morphological data
indicate the presence of common distinct soft masses, elemental analysis showed that
these are not true redox concentrations. Hence neither horizon meets the surficial
depleted matrix criteria for F3 and F9, and neither meets the redox abundance criterion
forF8.
The Btl horizon also has a 4/2 matrix and common distinct redox
concentrations. These concentrations, however, occur as halos surrounding pore
depletions and appear more like true redox concentrations. If we assume that common
(2-20% abundance) is likely to imply at least 5%, then this horizon does qualify as a
depleted matrix, and since it begins at 12 cm and is 20 cm thick, it also meets the
stated thickness and location requirements for indicator F3.
Questions concerning the F3 thickness criterion do arise, however, because the
layer in which common redox concentrations occurred was confined to the upper 3 cmof the Btl horizon, even though this layer was not separated from the remainder of the
Btl for morphological description. Strict application of the F3 criteria could only
conclude that the 3-cm-thick layer is too thin (5 cm minimum) within the upper 15 cm,
and the overall content of redox concentrations throughout the entire Bt 1 as described
would average well under 5%, and is thereby too low to confirm the silt loam soil as a
hydric soil based on Indicator F3.
We conclude that the evidence in support of positive confirmation of this soil as
a hydric soil using existing indicators is impossible. The data do suggest that surficial
horizons are in fact depleted, and that iron and manganese are accumulating right
below the surface, and may enable us to suggest alternative criteria for a new indicator,
a topic that will be explored later in this paper.
The sandy loam soil at the edge of the pooi also fails to meet indicators F3, F9,
and F8. Although the 5/1 matrix color of the Al horizon (Table 2.3) suggests a
depleted matrix, and the few faint soft masses present do seem to be true redox
concentrations, the further requirement that an A horizon have at least common and at
least distinct redox concentrations to qualify as a depleted matrix for Indicators F3 and
F9 is not met. Indicator F8 is not met because none of the horizons in the upper 15 cm
have more than a few (2%) redox concentrations.
Both the A2 and the Btl horizons of the sandy loam soil have matrix chromas
higher than 2, which eliminates them from depleted matrix indicators F3 and F9.
There are only a few redox concentrations, which eliminates indicator F8. Thus the
sandy loam soil, though having clear evidence of iron depletion from surface horizons,
does not meet the literal test of any of the existing indicators.Proposed New Indicators
One way to recognize the bydromorphic processes at work in these soils would
be to relax the requirement that a depleted matrix A horizon also must have common
distinct redox concentrations as soft masses or pore linings. Because these soils are
also very low in organic carbon, waiving the requirement completely could lead to
erroneous conclusions, but simply requiring evidence of iron reduction and
reprecipitation in the form of a few, faint soft masses or pore linings with hues of
1OYR or redder would be sufficient. Such a criterion would allow one to confirm the
sandy loam soil at the edge of the pool as a hydric soil, although it would not work for
the silt loam soil.
Vernal Pool Depleted Surface. A layer at the surface of high lava plains vernal
pools that is at least 4 cm thick, has a chroma of 2 or less and a value of 4 or more,
and has at least afew, faint redox concentrations as soft masses or pore linings that
have a hue of JOYR or redder.
Another way to generate an indicator is to recognize the nature of the
hydrological control of saturation and reduction in these vernal pools. Perching of
water above very slowly permeable clayey horizons, with unsaturated soil beneath
thin, saturated surface horizons, creates an environment in which iron and manganese
mobilized in the saturated surface soil can move down to the contact with unsaturated
soil, where it oxidizes again to form redox concentrations. Very limited movement
into the clayey layer, however, means that the zone in which these concentrations
occur is necessarily very thin. Identification of such a thin zone containing redox50
concentrations near the surface would make it possible to confirm the silt loam soil in
the center of the pooi as a hydric soil.
Vernal Pool Perched Redox. In high lava plains vernal pools with clayey
horizons immediately beneath coarser A horizons, a layer that is at least 3cm thick,
entirely within the upper 20 cm, that contains at least common, distinct redox
concentrations as soft masses or pore linings having a hue of JOYR or redder.
A third way to identify hydric soils in high lava plain vernal pools uses the
presence of algal crusts on the soil surface. Algal crusts have been proposed as an aid
in delineating surface water extent in saline playas in California (Lichvar and Sprecher
1996). In our vernal pool the crusts were thin (<1 nim), forming a surfacecover of
curly flakes after drying. The dry crust quickly reacquired a greenish color when
wetted. Similar crusts in California pools have been described by Zedler (1987). This
crust was observed in the vernal pool each summer in parts of the pool that remained
ponded the longest. It was not very apparent in the shadier, slightly higher elevation
areas dominated by silver sagebrush. Transect observations suggested that visible
algal crusts extended toward the outer boundary of the pool basin toa line just short of
the outer circumferential stand of silver sagebrush. These crustsare ephemeral, being
obliterated by cattle trampling and wind during summer.
It is not known whether a visible crust requires a long duration of ponding to
form, or forms quickly later in spring in areas to which remnant ponding has receded.
If it forms quickly under warmer conditions, it could form in thoserare years in which
late spring rains bring about short-duration ponding of wide extent within the pool,
which would lead to an exaggerated estimate of ponding extent. These factors would51
make the use of algal crusts an unreliable indicator of ponding extent and duration as it
occurs over years of variable precipitation and temperatures. Our observations,
however, suggest that an indicator based on the presence of an algal crust is at least
worth testing for its consistency and reliability. Such an indicator would have givena
positive confirmation of the sandy loam soil as a hydric soil, but it would not have
confirmed the silt loam soil under silver sage as a hydric soil.
Vernal Pool Algal Crust. In vernal pools of the high lava plains, presence of
an algal crust that is greenish in color when moist and forms a curled, flaky crust
when dry.
Conclusion
The hydric soils described in our study would not have been identifiable using
current morphological indicators. This situation shows the necessity of the ongoing
effort by the National Hydric Soils Committee to refine the indicators, and to develop
new indicators for unique regions and pedologic conditions.
Not only are the Palomino Butte vernal pooi soils hydric, but the pooi qualifies
as a jurisdictional wetland (Clausnitzer 2000a) in that it displays hydric soils, wetland
hydrology, and a distinctive wetland plant community. As the Palomino Butte pool is
just one example of many such pools in the region, verification of reliable hydric soils
indicators would be helpful in surveying their abundance and classifying their
diversity. It is quite possible that the ecological importance of these pools has been52
overlooked in Oregon, as they represent localized points of water accumulation that
contrast sharply with their surrounding uplands in this semiarid region.53
References
Allison, J.D., D.S. Brown, and K.J. Novo-Gradac. 1991. MINTEQA2/PRODEFA2,a
geochemical assessment model for environmental systems: Version 3.0.
Environmental Research Laboratory, Office of Research and Development,
USEPA, Athens GA.
Austin, W. 1994. Duration of saturation and redox potentials in selected Willamette
Valley soils. M.S. thesis. Oregon State University, Corvallis, Oregon.
Austin, W. and J.H. Huddleston. 1999. Viability of permanently installed platinum
redox electrodes. Soil Science Society of America Journal 63:1757-1762.
Bohn, H.L. 1971. Redox potentials. Soil Science 112:39-45.
Bohn, H.L., B.L. McNeal, and G.A. O'Connor. 1985. Soil Chemistry. John Wiley &
Sons, Inc., New York.
Buffle, J. 1988. Complexation reactions in aquatic systems: an analytical approach.
John Wiley & Sons, New York. 692pp.
Bureau of Land Management. 1999. Hamey Soil Survey, unpublished data. Bums,
Oregon.
Clausnitzer, D. 2000a. Hydric soils in temporary ponds of southeast Oregon.
Unpublished doctoral dissertation, Oregon State University, Corvallis.
Clausnitzer, D. 2000b. Wetland status of a southeast Oregon vernal pool.
Unpublished doctoral dissertation, Oregon State University, Corvallis.
Doescher, P.S. R.F. Miller, and A.H. Winward. 1984. Soil chemical patterns under
eastern Oregon plant communities dominated by big sagebrush. Soil Science
Society of America Journal, 48:659-663.
Environmental Laboratory. 1987. Corps of Engineers wetland delineation manual.
Technical Report Y-87-1, U.S. Army Engineer Waterways Experiment Station,
Vicksburg, MS.
Fanning, D.S. and M.C.B. Fanning. 1989. Soil Morphology, Genesis, and
Classification. John Wiley & Sons, New York. 395pp.54
Fassbinder, J.W.E., Stanjek, H., and H. Vali. 1990. Occurrence of magnetic bacteria
in soil. Nature 343:161-163.
Federal Register, July 13, 1994. Changes in hydric soils of the United States.
Washington, D.C.
Franklin, J.F. and C.T. Dyrness. 1988. Natural Vegetation of Oregon and Washington.
Oregon State University Press, Corvallis. 452 pp.
Gambrell, R.P. and W.H. Patrick Jr. 1978. Chemical and microbiological properties
of anaerobic soils and sediments. pp. 375-423 In D.D. Hook and R.M.M.
Crawford (eds.) Plant life in anaerobic environments. Ann Arbor Science
Publishers Inc., Ann Arbor, MI.
Gee, G.W. and J.W. Bauder. 1986. Particle-size analysis,InKiute, A., ed., Methods
of Soil Analysis: Part I; Physical and Mineralogical Methods. Soil Science
Society of America, Inc., Madison, WI.
Hanes, W.T., B. Hecht, and L.P. Stromberg. 1990. Water relationships of vernal
pools in the Sacramento region, California.InD.H. Ikeda and R.A. Schlising,
eds., Vernal pool plants--their habitat and biology, 49-60. Studies from the
Herbarium No. 8, California State University, Chico.
Holland, R.F. 1976. The vegetation of vernal pools: a survey.InJam, S. Vernal
pools: their ecology and conservation. Institute of Ecology Publication No. 9.
pp. 11-15. University of California, Davis.
Johnson, J.A. 1992. Geology of the Krumbo Reservoir quadrangle, southeastern
Oregon. Baccalaureate Thesis. Oregon State University.
Johnson, J.A. 1994. Geologic map of the Krumbo Reservoir quadrangle, Harney
County, southeastern Oregon; to accompany Map MF-2267. U.S. Department
of the Interior, U.S. Geological Survey. Washington, D.C.
Keeley, J. 1981. Isoetes howellii: a submerged aquatic CAM plant? American
Journal of Botany 68(3): 420-424.
Keeley, J.E., and B.A. Morton. 1982. Distribution of diurnal acid metabolism in
submerged aquatic plants outside the genus Isoetes. Photosynthetica 16(4):546-
553.
Lentz, R.D. and G.H. Simonson. 1986. A detailed soils inventory and associated
vegetation of Squaw Butte Range Experiment Station. Special Report 760,
Agricultural Experiment Station, Oregon State University, Corvallis.55
Lichvar, R. and S. Sprecher. 1996. Delineation and characterization of "Waters of the
United States" at Edwards Air Force Base, California. U.S. Army Corps of
Engineers-Waterways Experiment Station, Vicksburg.
Maher, B.A. and R.M. Taylor. 1988. Formation of ultrafine-grained magnetite in
soils. Nature 336:368-37 1.
McFadden, L.D. and D.M. Hendricks. 1985. Changes in the content and composition
of pedogenic iron oxyhydroxides in a chronosequence of soils in southern
California. Quaternary Research 23:189-204.
Meek, B.D., A.J. MacKenzie, and L.B. Grass. 1968. Effects of organic matter,
flooding time, and temperature on the dissolution of iron andmanganese from
soil insitu. Soil Science Society of America Proceedings 32:634-638.
Nahon, D.B. 1991. Introduction to the Petrology of Soils and Chemical Weathering.
John Wiley & Sons, Inc., New York. 313pp.
National Research Council 1995. Wetlands: Characteristics and boundaries. National
Academy Press, Washington, D.C.
Neal, J.T. 1975. Introduction,InNeal, J.T., ed., Playas and Dried Lakes: Stroudsburg,
Dowden, Hutchinson, and Ross, Inc., Benchmark Papers in Geology.
Nelson, D.W. and L.E. Sonimers. 1982.Totalcarbon, organic carbon, and organic
matterInMethods of Soil Analysis- Part 2. A.L. Page, R.H. Miller, and D.R.
Keeney, eds. ASA-SSSA, Madison, WI.
Parfitt, R.L. and C.W. Childs. 1988. Estimation of forms of Fe and Al:a review, and
analysis of contrasting soils by dissolution and Moessbauer methods.
Australian Journal of Soil Research 26:121-44.
Ponnamperuma, F.N. 1972. The chemistry of submerged soils. Advances in
Agronomy, 24:29-96.
Reed, R.T. 1988. National List of Plant Species that Occur in Wetlands:1988
National Summary U.S. Fish and Wildlife Service. Biological Report88(24).
U.S. Government Printing Office, Washington, D.C.
Sawyer, J.O. and T. Keeler-Wolf. 1995. A Manual of CaliforniaVegetation.
California Native Plant Society.
Schwertmann, U. and D.S. Fanning. 1976. Iron-manganese concentrationsin
hydrosequences of soils in Bavaria. Soil Science Society of AmericaJournal
40:731-738.56
Schwertmann, U., B. Murad, and D.G. Schuize. 1982. Is there holocene reddening
(hematite formation) in soils of axeric temperate areas? Geoderma 2 7:209-224.
Schwertmann, U. 1988. Occurrence and formation of iron oxides in various
pedoenvironments. pp. 267-308.InStucki, J.W., B.A. Goodman, and U.
Schwertmann, eds., Iron in Soils and Clay Minerals. NATO Advanced Study
Institute on Iron in Soils and Clay Minerals, Bad Windsheim, Germany 1985.
Kluwer Academic Publishers, Dordrecht. 893 pp.
Schwertmann, U. 1993. Relations between iron oxides, soil color, and soil formation.
pp.51-69.InBigham, J.M. and E.J. Ciolkosz, eds., Soil Color: Proceedings of a
symposium sponsored by Div. 5-5 and S9 of the SSSA in San Antonio, TX, 21-
26 Oct. 1990. Soil Science Society of America, Madison, WI.
Schwertmann, U., H. Kodama, and W.R. Fischer. 1986. Mutual interactions between
organics and iron oxides. In Huang, P.M. and M. Schnitzer, eds., Interactions of
Soil Minerals with Natural Organics and Microbes. Special Publication
Number 17, Soil Science Society of America, Inc., Madison, WI. 606pp.
Soil Survey Laboratory Staff, 1992. Soil Survey Laboratory Methods Manual, Soil
Survey Investigations Report No. 42, Version 2.0. SCS-USDA, U.S.
Government Printing Office, Washington, D.C.
Soil Survey Staff, 1975. Soil Taxonomy: a basic system of soil classification for
making and interpreting soil surveys. Soil Conservation Service. USDA
Agriculture Handbook No. 436. U.S. Government Printing Office,
Washington, D.C.
Sposito, G. 1989. The Chemistry of Soils. Oxford University Press, New York. 247
pp.
Stunim, W. and J.J. Morgan. 1996. Aquatic Chemistry- Chemical Equilibria and
Rates in Natural Waters, 3rd Edition. John Wiley & Sons, Inc., New York.
1022 pp.
Sunimerfield, H.B. and Bagley, D.G. 1974. Soil survey of Surprise Valley-Home
Camp area, California-Nevada. US Department of Agriculture, Soil
Conservation Service. Washington, D.C.
Szogi, A.A. and W.H. Hudnall. 1990. Measurement of redox potentials in soils with
permanently installed platinum electrodes. Manuscript 9 1-09-5227. Louisiana
Agricultural Experiment Station.57
Thorne, R.F. 1981. Are California's vernal pools unique? in Jam, S. and P. Moyle,
Vernal Pools and Intermittent Streams, a symposium sponsored by the Institute
of Ecology, University of California, Davis, May 9-10, 1981 .Institute of
Ecology Publication No. 28.
Tisdale, S.L., W.L. Nelson, J.D. Beaton, and J.L. Havlin. 1993. Soil Fertility and
Fertilizers, Fifth Edition. Macmillan Publishing Company, New York. 634pp.
USDA-SCS. 1991. Hydnc soils of the United States. In cooperation with the
National Technical Committee for Hydric Soils, Washington, D.C.
USDA-NRCS. 1998. Field Indicators of Hydric Soils in the United States. G.W.
Hurt, Whited, P.M., and Pringle, R.F. (eds.). Fort Worth, TX.
USDA-NRCS. 1997. Hydric Soil Technical Note 2: Changes to Field Indicators of
Hydric Soils in the United States. G.W. Hurt, Whited, P.M., and Pringle, R.F.
(eds.). USDA, NRCS, Fort Worth, TX.
USDA-NRCS. 1999. Official Soil Series Descriptions. Washington, D.C.
Vepraskas, M.J. 1996. Redoximorphic features for identif'ing aquic conditions.
Technical Bulletin 301, North Caroling Agricultural Research Service, Raleigh.
33 pp.
Walker, G.W. 1979. Revisions to the Cenozoic stratigraphy of Harney Basin,
southeastern Oregon. Geological Survey Bulletin 1475. U.S.D.S. Washington,
D.C.
Watanabe, I. and C. Furusaka. 1980. Microbial ecology of flooded rice soils.
Advances in Microbial Ecology 4:125-168.
Weitkamp, W.A., R.C. Graham, M.A. Anderson, and C. Amrhein. 1996. Pedogenesis
of a vernal pool Entisol-Alfisol-Vertisol catena in southern California. Soil
Science Society of America Journal 60:316-323.
Wolt, J.D. 1994. Soil Solution Chemistry - Applications to Environmental Science
and Agriculture. John Wiley & Sons, Inc. New York. 345pp.
Wood, W.W. and W.E. Sanford. 1990. Ground-water control of evaporite deposition.
Economic Geology 85:1226-1235.
Xie-Ming, B. 1985. Ch. 4, Iron and manganese, pp. 69-9 1 In Physical Chemistry of
Paddy Soils, Yu Tian-ren, ed. Science Press, Beijing and Springer-Verlag,
Berlin. 217 pp.Zedler, P.11. 1984. Micro-distribution of vernal pooi plants of Kearny Mesa, San
Diego County. Pages 185-197 In S. Jam and P. Moyle, eds. Vernal poois and
intermittent streams. University of Calif. Institute of Ecology Publication 28.
Zedler, P.H. 1987. The ecology of southern California vernal pools: a community
profile. Biological Report, 85(7.11). Fish and Wildlife Service, USD1,
Washington, D.C.59
Chapter 3
WETLAND STATUS OF A SOUTHEAST OREGON VERNAL POOL
David Clausnitzer
Department of Crop and Soil Science, Oregon State UniversityAbstract
Numerous small landscape depressions on the High Lava Plain of southeast
Oregon become ponded in most years, but their wetland status has not been closely
examined. We studied the standard wetland criteria (hydrology, soils, and vegetation)
of one such pooi to evaluate whether the pool meets federal criteria asa jurisdictional
wetland. Data from a companion study determined that the pool has wetland
hydrology and hydric soils. Vegetation cover data was collected usinga line transect
for shrubs and a 10-point frame for herbaceous vegetation. Using U.S. Army Corps of
Engineers procedures, the vegetation of the pool was found to meet the criteria of
wetland vegetation. Therefore, the pooi meets all the criteria of a jurisdictional
wetland.The vegetation consists of some specialized species, most of whichare
characteristic of Northern Basalt Flow vernal pools, as classified in California. Vernal
pools have been intensively studied in California, where they are considered to be
unique wetland types worthy of protection. The Oregon pools have traditionally been
called 'upland playas,' but should be referred to as vernal pools because they fit well
into that established classification. Vernal pools constitute distinct habitat sites within
semiarid landscapes, and therefore probably play an important ecological roleon the
southeast Oregon steppe. This role has not been investigated thoroughly. Southeast
Oregon vernal poois are often dug out as waterholes, increasing their depth and
duration of ponding. Increased water availability provides benefits to cattle andsome
wild animals. However, altering the hydrology of temporary pooiscan drastically
change their invertebrate communities. The occurrence and implications of this
phenomenon in Oregon poois are unknown.61
Introduction
Identifying and delineating wetlands has becomean important activity now
that they are protected under federal and state laws. Because of the diversity of
wetland types, defining criteria and related field indicatorsare needed that can be
used consistently in making wetlands determinations. Some wetland sites failto
exhibit clearly interpretable field indicators that might be used in determining their
true status.
A wetland is an area that supports a plant community which, due to conditions
imposed by frequent and long-term soil saturation, is dominated by plant species
exhibiting specific adaptations to those conditions. The U.S. Army Corps of
Engineers has been responsible for defining wetlands (Federal Register, 1982) and
setting criteria for identifying wetlands on lands that are not intensively farmed
(Environmental Laboratory, 1987). The criteria are basedon hydrology, soils, and
vegetation.
Wetland hydrology requires periodic or permanent inundation of the soil
surface or shallow saturation below the surface. Saturation is definedas water held
in all easily drained soil pores at pressures greater than atmospheric;however, the
saturated zone may also include the capillary fringe, wherewater occurs at negative
potentials (Environmental Laboratory, 1987). Saturation mustoccur within the root
zone depth of the prevalent vegetation, which is usually considered to be theupper
30 cm of the soil. In place of direct observations, primary and secondaryfield
indicators of hydrology have been developed.62
Inundation or saturation must be continuous for at least 5% of the growing
season, with a 50% probability of recurrence in any year. Growing season is defined
as the portion of the year when soil temperatures at 50 cm below the surface are
above 5°C, and is approximated by the part of the year in which air temperatures are
above 28°F (-2.2° C) at 50% annual probability (Environmental Laboratory, 1987).
Hydric soils are defined as "soils that formed under conditions of saturation,
flooding, or ponding long enough during the growing season to develop anaerobic
conditions in the upper part" (Federal Register, 1994). In the absence of specific data
to document hydric soil status, the Corps of Engineers uses a list of indicators, for
example aquic or peraquic soil moisture regime, reducing soil conditions, low
chroma soil colors, soils appearing on hydric soil lists, and iron and manganese
concretions, when making wetland determinations.
Hydrophytic vegetation is defined as a community of macrophytes in which
the controlling influence on occurrence of plant species is duration of inundationor
saturation of the soil. Hydrophytes are plants with specific adaptations that allow
them to establish and persist under the stresses of anaerobiosis and the associated
production of toxic products. Plant species are rated as to their degree of adaptation
to wetland conditions in the National List of Plant Species that Occur in Wetlands
(Reed, 1988). The 1987 COE manual uses the National List to calculate
predominance of hydrophytic vegetation in making wetland determinations.
Small temporary bodies of water may be found anywhere there are undrained
depressions and seasonally variable rainfall. In some regions, including southeast
Oregon, seasonally-ponded depressions of all types are referred to as playas. In63
geological terminology, this term very generally applies to the lower portions of
barren, internally-drained basins in arid and semiarid regions which periodically
flood and accumulate sediment (Neal, 1975). They are often sites with shallow
groundwater where capillary forces bring water and dissolved salts to the surface.
A subset of temporarily ponded basins endemic to regions with a
Mediterranean climate is referred to as vernal pools. These are shallow depressions
that seasonally fill with water due to an impervious substratum that perches the water
table above the B-horizon (Thorne, 1981; Holland, 1976). Shallow water covers the
surface for extended periods during the cool rainy season, but the basins are
completely dry for most of the warm season. Aquatic organisms, such as fairy
shrimp (anostracans), clam shrimp (conchostracans), and tadpole shrimp
(notostracans), inhabit the pools, but typical pond or marsh ecosystems are not able
to develop. Upland plant species are excluded or inhibited by the long ponding
duration, so that the pooi basins appear barren in summer (Zedler, 1987). This
environment encourages development of distinct and specialized vegetation types.
Pools of this type have been extensively studied and classified in California;
analogues to California vernal pools have been found in Australia, Chile, the Middle
East, Spain, and Africa. Some unique plant genera are shared by vernal pools from
widely separated geographic areas (Zedler, 1987). Vegetation, soil, geologic, and
hydrologic characteristics of certain southeast Oregon "playas," known locally as
upland playas, conform closely to the Northern Basalt Flow Vernal Pool type as
defined by the California Department of Fish and Game (Sawyer and Keeler-Wolf,
1995). Since a well-established classification system already exists for vernal poolsin the western U.S., it is convenient to refer to the Oregon pools in this way to
distinguish them from unvegetated, saline playas of different geologic origin found in
the northern Great Basin. It also places these pools in a subset of temporary wetlands
that expresses distinctive vegetation communities.
Vernal pools are recognized as wetlands in California. In southeast Oregon
they are classified in the National Wetlands Inventory (1982) as palustrine scrub-
shrub wetlands with a temporarily-flooded water regime. The pools were included in
this classification based on stereoscopic analysis of high-altitude aerial photographs.
According to the Corps manual, the temporary water regime is cause for particular
caution in assuming a wetland is present, because the pooi has dry upland
characteristics for a large part of the growing season. Actual field observations
would be required to confirm wetland status.
A preliminary dry season survey (J.H. Huddleston, personal communication,
1995) of upland playas in southeast Oregon landscape depressions suggested that
typical field indicators of hydrology, hydric soils, and vegetation type were weak or
ambiguous. The depressions were known to be ponded and/or saturated for some
time during the rainy season. The objectives of this project were to characterize the
soils and vegetation of a site considered to be fairly representative of the upland
playa or vernal pool, and, in combination with hydrologic data, determine the
wetland status of that site.65
Site Description
The southeastern third of Oregon contains an area known as the High Lava
Plains, comprising the northern limits of the Great Basin physiographic province.
The High Lava Plains are mainly Late Miocene - Pliocene volcanic rocks consisting
of high-alumina olivine lava flows. The general area of the study site was covered
about 6.5 million years ago by the rhyolitic Rattlesnake ash-flow tuff. Common
minerals within the tuff include glass, alkali feldspar, quartz, magnetite, augite,
cristobalite, and tridymite (Walker, 1979). The tuff is underlain by a fine-grained,
poorly consolidated, tuffaceous sedimentary sequence that contains rounded
manganese concretions (Johnson, 1992).
Climate is semiarid with long, severe winters and short, dry summers.
January temperatures range from an average maximum of 2.1°C to an average
minimum of -8.7° C; July temperatures range from 30.1 to 11.2° C. The agricultural
growing season varies from 72 to 98 days; the period of optimum growth for most
native upland plants is from early April through June. Annual precipitation averages
275 mm. Precipitation maxima occur from November to January and in May, while
the minimum occurs from July through September. A large percentage of
precipitation falls as snow. Mean annual variation in precipitation, at 22 percent, is
less than in most dry regions (Lentz and Simonson, 1986).
Permanent streams are rare in the High Lava Plains due to the porous bedrock
and scanty rainfall; shallow depressions that serve as collection points for local
surface runoff are common (Franidin and Dyrness, 1988). Many of these depressionshave been interpreted as relict secondary hydroexplosion pits formed during
emplacement of pyroclastic flows. When the hot flows covered small bodies of
water, steam was generated which blasted through the overlying deposits (Johnson,
1994).Because the low annual precipitation is concentrated in the colder seasons of
the year, water can accumulate sufficiently to produce prolonged ponding where
infiltration is impeded by soil conditions.
The Oregon vernal pooi study site is located in Harney County about35km
southwest of Burns, at an elevation of1335m above sea level. The 10 hectare pool
is one of a complex of nine similar pools situated within a radius of 2 kilometers.
Total area of similar map units in the Harney Soil Survey area is14,858ha (0.6% of
total survey area) in313separate occurrences (BLM, unpublished data).
Soils surrounding the vernal pool are classified as Coztur series (loamy,
mixed, frigid Lithic Xeric Haplargids), which are shallow, well-drained soils formed
in residuum from volcanic and tuffaceous rocks (NRCS website description).
Reaction class is neutral through moderately alkaline. Vegetation is dominated by
Wyoming big sagebrush (Artemisia tridentata ssp. iyomingensis Beetle & Young),
bluebunch wheatgrass (Pseudoroegneria spicata (Pursh) A. Love), Sandberg
bluegrass (Poa secunda J. Presi), and squirreltail (Elymus elymoides (Raf.) Swezey).
The soil surface of the pool itself is approximately 2 m below the surrounding
upland surface. Soils within the pool are classified as Swalesilver series (fine,
smectitic, frigid Aquic Palexeralfs), which are very deep, somewhat poorly-drained
soils that formed in stratified alluvium with an admixture of bess and ash.
Swalesilver is included on the National List of Hydric Soils.67
Methods
Vegetation Measurements
The Corps of Engineers manual considers hydrophytic vegetation to be
present if more than 50 percent of the dominant species are obligate (OBL),
facultative wetland (FACW), or facultative (FAC) on lists of plant species that occur
in wetlands. Dominant species are determined differently for each vegetation
stratum. Dominance in the overstory is based on relative basal area, in the woody
understoiy on height, and in the herbaceous understory on areal cover. For
comprehensive wetland determinations, dominant specics are selected by ranking the
species in each stratum in descending order of dominance based on the appropriate
measure for that stratum. The three species of highest rank from each stratum are
selected as the dominant species if four strata are present; all dominants are listed
when fewer than three are present in a vegetation stratum. If only one or two strata
are present, the five species of highest rank in each stratum are selected. The total
number of dominants is then used in determining the percent of OBL, FACW, and
FAC species (Environmental Laboratory, 1987).
Vegetation was characterized in spring 1997 and 1998 along a permanent 225
m transect from the upland rim to the low point of the basin, and passing through two
soils and hydrology monitoring sites. Vegetation was also characterized in 1998
along five 50 m transects located randomly within the pool. Shrub cover wasLk
estimated by line intercept method (Burnham et at., 1980; Canfield, 1941). Since
silver sagebrush was the only shrub (woody understory stratum) within the pool
basin, we measured its canopy cover rather than height in order to better describe the
overall vegetation community. The herbaceous stratum of very small plants was
characterized using a 10-point frame (Crocker and Tiver, 1948; Pieper, 1973). The
point frame technique minimizes positive bias when estimating cover of small,
sparse vegetation, and is considered to be the most objective way to estimate cover
(Bonham, 1989). Furthermore, most of the herbaceous species would fall into the
same cover class (>5% to 25%) used in the Corps method. If the number of
herbaceous species in this cover class had been higher, it would have been difficult
or impossible to accurately determine which species were dominant using the Corps
method.
Hydrology and Soils Data
Two sites within the pool were selected for emplacement of monitoring
equipment: the highest elevation, near the center of the pool, where the soil is
Swalesilver silt loam; and the lowest point, located near the transition to the upland,
where the soil is Swalesilver sandy loam because of a coarser surface horizon. The
difference in elevation between the. two sites, as determined by surveyor's transit, was
0.07 m. Equipment at each site consisted of piezometers for groundwater head
measurement, platinum electrodes for determination of soil redox potentials, and soil
temperature sensors. Ponding depth was measured at each site, and extent of[6!]
ponding was observed along the permanent transect. Readings and measurements
were taken approximately every two weeks during the wet seasons of 1996 through
1998, and less frequently in dry seasons.
A backhoe pit was dug to 2 meters depth or to bedrock near each instrumented
site, and complete profile descriptions were made. Bulk samples were collected for
standard physical and chemical characterization. Pondwater and surface soil
interstitial water for chemical analysis was collected in spring 1998. Chemical
speciation, charge balance, and saturation indices of water samples were modelled
using Minteq software (Allison et al., 1991).
Detailed descriptions of hydrologic, soils, and water analysis methods can be
found in Clausnitzer (2000).
Results and Discussion
Hydrology
At no time during 3 years of observations was water observed in any of the
piezometers installed between 25 cm and 200 cm depths. The only evidence of
saturation within the soil was the presence of free water in samples collected from
the uppermost horizons after removing ponded water (Clausnitzer, 2000). Very slow
permeability through Bt horizons of high clay content immediately beneath the
surface horizons creates a hydraulic barrier that prevents sufficient ponded water
from moving into the soil below the A2 horizon to create saturated subsoils. These
soils, therefore, meet the classic definition of episaturation (Soil Survey Staff, 1998).70
Surface ponding began in December and lasted until April, with a maximum
depth of 13 cm. The growing season, as defined by soil temperatures at or above
50
C at 50 cm depth, began in late February or early March. Growing seedlings of a
small vernal pool endemic plant, Plagiobothrys leptocladus, were observed along
with algae and small invertebrates underwater each year at this same time, often
while the water surface was frozen. Therefore, ponded conditions overlapped the
growing season, meeting the definition of wetland hydrology. Comparison of the 3
observed years' weather with long-term climate records indicated that such
conditions would likely occur more than 50% of the time (Clausnitzer, 2000).
Hydric soils
The soils in the pool met the current definition of hydric soils (National
Research Council, 1995), based on field instrumental observations (Clausnitzer,
2000). Soils were inundated for sufficient periods of time to develop anaerobic
conditions during the growing season.
Redox potentials associated with anaerobiosis occurred only in the saturated
upper few centimeters of the soil profiles. The lowest potentials occurred in regions
of the pool that were highest in organic carbon content, namely shrub mounds and
interspaces near shrubs. Potentials were not low enough to induce much reduction of
manganese or iron. The soil contents of these elements were low at any rate.
Therefore, development of clear hydric soil morphological indicators was inhibited
(Clausnitzer, 2000).71
Hydrophytic Vegetation
Vegetation in the vernal pooi (Table 3.1) consisted of two strata, shrub and
herbaceous. The shrub stratum consisted solely of silver sagebrush. The herbaceous
layer was more species-rich, and contained genera or species typically found in
vernal pools of other regions. Psilocarphus brevissimus and Deschampsia
danthonioides are considered in California to be largely restricted to and indicators of
vernal pools (Holland, 1976); Leymus triticoides, Polygonum polygaloides, and the
genera Plagiobothrys, Navarretia, Myosurus, and Downingia are often associated
with vernal pools. There were 5 clearly dominant herbaceous species:
Plagiobothrys leptocladus, Navarretia leucocephala, Myosurus apetalus (aristatus),
Iva axillaris, and Polygonum watsonii. Iva axillaris had not achieved full growth
when this sampling was done; its cover roughly doubled by later in the spring. All
other species were near peak cover at the time of sampling in mid-May 1998.
The vernal pool plant community therefore had 6 dominant species, of which
100% (2 facultative and 4 obligate wetland or facultative wetland)were in the
combined categories describing hydrophytic vegetation, and exceeding the 50%
requirement in the Corps of Engineers definition.
Although the vernal pool vegetation fell clearly intoa wetland classification,
making an accurate determination would have been difficult in mostseasons of the
year because of the small stature (<2 cm) and ephemeral nature of the herbaceous
species associated with wet conditions. Within a few weeks of the end of ponding,Table 3.1. Wetland status and cover of vernal pool vegetation.
Region 9
Status Common name
FAC silver sagebrush
FACW fine-branch popcorn flower
OBL whitehead navarretia
OBL sedge mousetail
FAC povertyweed
FACW-knotweed
OBL common downingia
FACW+dwarf woolyhead
FACW+Pacific foxtail
FACW-annual hairgrass
FAC creeping wildrye
OBL creeping spikerush
FACU field owl's-clover
not listeddesert combleaf
not listedtansy-leaf evening primrose
Scientific name %cover
Artemisia cana Pursh 13
Plagiobothrys leptocladus (Green) I. Johnst. 13
Navarretia leucocephala Benth. 10
Myosurus apetalus (aristatus) Benth. ex Hook. 8
Iva axillaris Pursh 6
Polygonum watsonii (=P. polygaloides ssp. confertflorum) Meisn. 3
Downingia elegans (Doug!. ex Lindi.) Ton. 1
Psilocarphus brevissimus Nutt.
Alopecurus saccatus Vasey 1
Deschampsia danthonioides (Trin.) Munro 1
Leymus triticoides Buckley 1
Eleocharis palustris (L.) Roem.&J.A. Schultes 1
Orthocarpus campestris Benth. 1
Polycteniumfremontii (Wats.) Greene 1
Oenothera tanacetfolia ssp. tanacetfolia T.&G. 1
OBL, FACW, FAC, FACU, UPL, (+) and (-) specifr a higher or lower portion of frequency.73
most of the herbaceous plants died and became difficult to identify. In midsummer
the basin may contain a few specimens of upland annual ruderal plants such as
cheatgrass (Bromus tectorum (L.) Nevski), or invasive perennial species such as
squirreltail (Elymus elymoides (Raf.) Swezey), which has a wide range of ecotypes
that enable it to colonize diverse habitats.
Iva axillaris (povertyweed) remains recognizable later into summer, while
silver sagebrush continues to be active through summer, flowering in later summer
and early fall. Because both of these conspicuous plants are classified as facultative,
determination of the wetland status of the plant community can be ambiguous during
most of the year.
The wetland indicator status of silver sagebrush varies throughout its range
(Reed, 1988; Reed, 1996), which includes most of the western United States. In
Regions 3 (North Central), 4 (Northern Plains), and 5 (Central Plains) it is classified
as facultative upland, while in Regions 0 (California) and 7 (Southwest) it is
considered to be a facultative wetland species. In Region 8 (Intermountain), silver
sagebrush was listed as being under review (FAC*) on the 1988 list, and is classified
as a facultative wetland plant with a tendency toward occurrence in uplands (FACW-
) on the 1996 revised draft list. Listed as facultative in Region 9 (Northwest, which
includes the Oregon portion of the Great Basin), it is currently under review as
facultative upland (FACU*) on the revised draft list.
Apart from the wide geographic range of silver sagebrush, the disparities in
the species' wetland regional indicator ratings may be due to the existence of 3
subspecies. The subspecies and their currently recognized ranges are: Artemisia74
cana ssp. bolanderi (Gray) G.H. Ward (found in CA and NV); Artemisia cana ssp.
viscidula (Osterhout) Beetle (inAZ, ID, NV, NM, UT,and WY); and Artemisia cana
ssp. cana Pursh (in CA, CO, MN, MT, ND, OR, SD, and WY) (International
Organization for Plant Information, 1997). There is controversy over the ranges of
the subspecies, and even over the validity of recognizing 3 subspecies. Cronquist
(1994) considered the taxon A. viscidula as useful in distinguishing the Great Basin
plants from the typical A. cana ssp. cana of the Great Plains, but considered there to
be no basis for separating silver sagebrush from Oregon, California, and western
Nevada as a separate taxon. Cronquist saw "no harm" in recognizing A. bolanderi as
a distinct variety restricted to the vicinity of Mono Lake. Other authors also consider
A. cana ssp. bolanderi to be limited to the Mono Lake area (Munz, 1959) or the
Sierra Nevada mountains (Mozingo, 1987; Sawyer and Keeler-Wolf, 1995).
Most authors recognize the species in general as preferring poorly drained
soils in wet meadows, stream bottoms, and pools. Artemisia cana (no subspecies
specified) has been described as occurring in seasonally ponded valley bottoms in the
Oregon High Lava Plains, in association with mat muhly (Muhienbergia
richardsonis (Trin.) Rydb.) (Franidin and Dyrness, 1988), a grass listed in Region 9
as slightly wetter than facultative (FAC+). Holland and Jam(1977) described
bolanderi in particular as characteristic of "pluvial lakebeds with saturated surface
horizons and perched water tables on slowly permeable argillic horizons," but did not
specify the range of the subspecies.
The bolanderi and viscidula subspecies, although not listed by the IOPI as
inhabiting Oregon, were identified in Oregon by Winward (1980), who describedviscidula as occupying stream bottoms and meadow margins at 5,500 to 8,000 feet,
and bolanderi inhabiting basins that have standing water during winter and spring, to
an upper elevation limit of 5,500 feet. He described bolanderi as occurring in
Oregon, Idaho, California, and Nevada. Winward's assessment of the taxonomy and
range of silver sagebrush is based on years of field observations in Oregon, and
supports a high wetland indicator rating for the bolanderi subspecies.
Conclusions
Vernal pools in California are considered to be "a unique wetland resource"
(Hanes et al., 1990) that exhibits a specialized biota, including a relatively large
number of threatened and endangered species (Keeler-Woif et al., 1998; Skinner and
Pavlik, 1994) and a uniquely adapted flora (Stone, 1990). They contrast markedly
with their surroundings; as temporary sites of standing water in otherwise semiarid
regions, they represent a concentration of resources for animal populations out of
proportion to their small areal extent.
Vernal pools in southeast Oregon have not received much attention. They
provide food sources for pronghorns, sage grouse, and a variety of wading birds,
breeding areas for local amphibians, and may play other important roles in the
surrounding ecosystem. Unlike poois in California, little detail is known about their
plant and animal life. Six new species of fairy shrimp, which arecommon vernal
pool invertebrates, have been described since 1990 in the western United States
(Graham, 1997). Because neighboring pools can differ dramatically in soil,IL1
hydrology, and biota (Zedler, 1987), it would be worthwhile to survey their diversity.
In general, southeastern Oregon vernal pools represent a large northward extension
beyond the range of pools that have so far been intensively studied.
Vernal pooi vegetation has been considered to be relatively resistant to
continuous light disturbance; moderate cattle grazing and trampling do not seem to
greatly affect the persistence of vernal pool plants, as long as the basin hydrology is
not disrupted (Zedler, 1987). However, we are not aware of any comparative
vegetation studies having been done of grazed versus ungrazed pools. Many Oregon
pools have been partly dug out to make stock ponds. These water developments
change the character of the pools in a variety of ways. The increased ponding
duration allows establishment of fully aquatic plants such as water buttercup
(Ranunculus aquatilis L.) Changing the hydrologic regime by excavation can also
drastically change the invertebrate species composition of temporary pools, allowing
proliferation of predaceous aquatic insects that affect tadpole survival (Roth and
Jackson, 1987) and can reduce or eliminate fairy shrimp populations (Graham, 1997).
Available surface area suitable for growth of vernal pool forbs is reduced by dugouts.
These forbs provide an important spring food source to pregnant and lactating
pronghorns and sage grouse and their broods (USD1- BLM and USFWS, 1998). The
extent of the impacts of these alterations to vernal pools has not yet been quantified.77
References
Allison, J.D., D.S. Brown, and K.J. Novo-Gradac. 1991. MINTEQA2/PRODEFA2,
a geochemical assessment model for environmental systems: Version 3.0.
Environmental Research Laboratory, Office of Research and Development,
USEPA, Athens GA.
Bonham, C.D. 1989. Measurements for Terrestrial Vegetation. John Wiley and
Sons, NY. 338 pp.
Bureau of Land Management. In progress. Harney County Soil Survey. BLM-
USDA, Washington, D.C.
Burnham, K.P., Anderson, D.R., and Laake, J.L. 1980. Estimation of density from
line transect sampling of biological populations. Wildlife Monograph
Number 72.
Canfield, R.H. 1941. Application of the line interception method in sampling range
vegetation. Journal of Forestry 39:388-394.
Clausnitzer, D. 2000. Hydric status of a southeast Oregon vernal pool soil.
Unpublished Ph.D. dissertation. Oregon State University, Corvallis.
Crocker, R.L. and N.S. Tiver. 1948. Survey methods in grassland ecology. Journal
of the British Grassland Society 3:1-26.
Cronquist, A. 1994. Vascular Plants of the Intermountain West, U.S.A; vol. 5,
Asterales. The New York Botanical Garden, Bronx, NY. 496 pp.
Environmental Laboratory. 1987. Corps of Engineers wetland delineation manual.
Technical Report Y-87-1, U.S. Army Engineer Waterways Experiment
Station, Vicksburg, MS.
Federal Register. 1982. Title 33: Navigation and navigable waters; Chapter 2.
Regulatory Programs of the Corps of Engineers. U.S. Government Printing
Office, Washington, D.C. 47(138), 31, 810.
Federal Register. 1994. Changes in hydric soils of the United States. U.S.
Government Printing Office, Washington, D.C.
Franklin, J.F. and C.T. Dymess. 1988. Natural vegetation of Oregon and
Washington. Oregon State University Press, Corvallis. 452pp.Graham, T.B. 1997. Climate change and ephemeral pool ecosystems: potholes and
vernal pools as potential indicator systems. Impacts of Climate Change and
Land Use in the Southwestern United States. USGS Global Change web
page: http://www.usgs.gov/sw/.
Hanes, W.T., B. Hecht, and L.P. Stromberg. 1990. Water relationships of vernal
pools in the Sacramento region, California.InD.H. Ikeda and R.A. Schlising,
eds., Vernal pool plants-their habitat and biology, 49-60. Studies from the
Herbarium No. 8, California State University, Chico.
Holland, R.F. 1976. The vegetation of vernal pools: a survey.InJam, S., Vernal
pools: their ecology and conservation. Institute of Ecology Publication No. 9.
pp. 11-15. University of California, Davis.
Holland, R.F. and S.K. Jam. 1977. Vernal pools,InM.G. Barbour and J. Major,
eds., Terrestrial Vegetation of California. Wiley-Interscience, New York.
International Organization for Plant Information. 1997. International Union of
Biological Sciences Global Plant Checklist web page: http://iopi.csu.edu.au/.
Johnson, J.A. 1992. Geology of the Krumbo Reservoir quadrangle, southeastern
Oregon. Baccalaureate thesis, Oregon State University, Corvallis.
Johnson, J.A. 1994. Geologic map of the Krumbo Reservoir quadrangle, Harney
County, southeastern Oregon; to accompany Map MF-2267. U.S. Department
of the Interior, U.S. Geological Survey. Washington, D.C.
Keeler-Woif, T., D. Elam, K. Lewis, and S. Flint. 1998. California vernal pool
assessment preliminary report. California Department of Fish and Game
Wetlands Inventory and Conservation Unit web page:
http://maphost.dfh.ca.gov/wetlands.
Mozingo, H. 1987. Shrubs of the Great Basin: A Natural History. University of
Nevada Press, Reno. 342pp.
Munz, P.A. 1959. A California Flora. University of California Press, Berkeley.
1681 pp.
Neal, J.T. 1975. Introduction, In Neal, J.T., ed., Playas and Dried Lakes.
Benchmark Papers in Geology. Dowden, Hutchinson, and Ross, Inc.,
Stroudsburg.
National Wetlands Inventory. 1982. Map of Palomino Buttes, Oregon. U.S.F.W.S-
U.S.D.I. Washington, D.C.79
Pieper, R.D. 1973. Measurement Techniques for Herbaceous and Shrubby
Vegetation. New Mexico State University, Las Cruces.
Reed, R.T. 1988. National List of Plant Species that Occur in Wetlands: 1988
National Summary U.S. Fish and Wildlife Service. Biological Report 88(24).
U.S. Government Printing Office, Washington, D.C.
Reed, R.T. 1996. Draft Revision of National List of Plant Species that Occur in
Wetlands. U.S. Fish and Wildlife Service. Biological Report 88(24). U.S.
Government Printing Office, Washington, D.C.
Roth, A.H. and J.F. Jackson. 1987. The effect of pool size on recruitment of
predatory insects and on mortality in a larval anuran. Herpetologica
43(2):224-232.
Sawyer, J.O. and T. Keeler-Wolf. 1995. A Manual of California Vegetation.
California Native Plant Society. Sacramento, CA. 471 pp.
Skinner, M.W. and Pavlik, B.M. 1994. Inventory of rare and endangered vascular
plants of California. California Native Plant Society Special Publication No.
1, 5th edition.
Soil Survey Staff. 1998. Keys to Soil Taxonomy, Eighth Edition. US Department
of Agriculture - Natural Resources Conservation Service.
Stone, R.D. 1990. California's endemic vernal pooi plants: some factors
influencing their rarity and endangerment. In Ikeda, D.H. and R.A. Schlising,
Vernal pooi plants: their habitat and biology. Studies from the Herbarium
No. 8, pp. 89-108. California State University, Chico.
Thorne, R.F. 1981. Are California's vernal pools unique?, InJam,S. and P. Moyle,
Vernal Pools and Intermittent Streams, a symposium sponsored by the
Institute of Ecology, University of California, Davis, May 9-10, 198 1.Institute
of Ecology Publication No. 28.
United States Department of the Interior - Bureau of Land Management and U.S.
Fish and Wildlife Service. 1998. Beaty Butte allotment management plan
and final Environmental Impact Statement. Lakeview BLM District Office in
cooperation with Hart Mountain National Antelope Refuge. 1998.
Walker, G.W. 1979. Revisions to the Cenozoic stratigraphy of Harney Basin,
southeastern Oregon. Geological Survey Bulletin 1475. U.S. Geological
Survey, Washington, D.C.Winward, A.H. 1980. Taxonomy and ecology of sagebrush in Oregon. Station
Bulletin 642, Agricultural Experiment Station, Oregon State University,
Corvallis.
Zedler, P.H. 1987. The ecology of southern California vernal pools: a community
profile. Biological Report, 85(7.00). National Wetlands Research Center,
USD1, Washington, D.C.E1I
Chapter 4
HYDRIC SOIL STATUS OF AN ALKALINE-SODIC PLAYA
David Clausnitzer
Department of Crop and Soil Science, Oregon State UniversityAbstract
Alkaline, sodic playa soils in the northern Great Basin become ponded in most
years, but they lack redoximorphic features indicative of hydric soils. We studied the
morphology, hydrology, temperature, chemistry, and redox potentials of a playa soil-
landscape system to elucidate processes of soil genesis in this system, to determine if
the soils are hydric soils, and to evaluate relevant field indicators of hydric soils. The
soil-landscape system consists of 4 concentric zones: the unvegetated playa in the
center, a greasewoodlsaltgrass zone, a greasewoodlrabbitbrush zone, and a
sagebrushlrabbitbrushl bluegrass zone. We collected data for 3 years from
piezometers, Pt electrodes, and thermocouples installed at several depths at a single
monitoring site in each zone. Soil and water samples collected from each zone were
analyzed for pH, salinity, organic carbon, extractable Fe and Mn, and concentrations
of many common cations and anions in solution. Soils in the outer two zones were
never saturated, rarely ponded, and never anaerobic. They are not hydric. Soils in
the greasewood saltgrass zone were ponded in the winter but mainly when the soil
temperature was colder than 5°C. They were saturated for more than a week only at
100 cm. Redox potentials were fairly static in the low aerobic range and were
insensitive to changes in ponding, saturation, or temperature. These soils are mainly
non-hydric, although late spring ponding in response to unusually heavy rainfall did
create reducing conditions for two weeks in soils beneath greasewood and saltgrass
stands. Soils of the unvegetated playa were ponded continuously from late
December through April or May. Soil temperatures rose above 5°C in late March orearly April. Clayey, platy Az 1 horizons effectively sealed the soil surface to
maintain ponding. Infiltration beneath pond water saturated the soil only down to 6
cm. Subsoil horizons became saturated by groundwater entering the playa as lateral
throughflow, but rising groundwater never reached the surface, leaving an
unsaturated zone from 6-20 cm depth. Extremely low oxygen content of
groundwater at 25 cm was attributed to cutoff from exchange with atmospheric
oxygen due to ponding and in part to decreased solubility of oxygen in saline
groundwater. Redox potentials confirmed the anaerobic status of the soil
environment, but they were never low enough to reduce iron. Redox features other
than Fe/Mn nodules, which may not have been formed by true redox processes
anyway, were not present in the upper meter of this soil. Consequently none of the
currently accepted field indicators of hydric soils could be used to confirm the hydric
nature of this soil. We propose instead that the limit of greasewood encroachment on
the unvegetated playa be used as a field indicator of the boundary between hydric and
non-hydric soils.Introduction
Determination of hydric soils is one of the key elements in identifying
wetlands. Hydric soils are defined as soils "that formed under conditions of
saturation, flooding, or ponding long enough during the growing season to develop
anaerobic conditions in the upper part" (Federal Register, 1994). The rationale
behind the criteria listed in the definition is that wet soils will impede diffusion of
oxygen into the soil to the extent that biological activity will induce a reducing
environment in the upper soil horizons, creating a wetland habitat that possesses
special biogeochemical conditions.
Environmental thresholds have been proposed to clarify several of the terms
in this definition. The National Research Council (1995), for example, defines
hydric conditions as "a depth to water table of<1 foot (30 cm) for a continuous
period of at least 14 days during the growing season, with a mean interannual
frequency of 1 out of 2 years." Growing season is defined as "the portion of the year
when soil temperatures are above biologic zero in the upper part"(USDA SCS,
1991.) Biological zero is 50 C (Soil Survey Staff, 1975) at 50 cm below the soil
surface (NTCHS, 1996). The definition of anaerobic conditions is less clear. A
review of several sources (Sposito, 1989; Gambrell and Patrick, 1978; Bobn et al.,
1985; Ponnamperuma, 1972) indicates a range of empirical Eh values for reduction
of various soil components. For the purposes of this paper, Eh levels (at pH 7) of
+350 mV for oxygen, +200 for manganese, +150 mV for iron, and -150 mV forsulfate are used as approximate threshold values for reduction, based on a rough
consensus of the sources.
Long-term observations of hydrology, climate, and redox potentials at a given
site are required to make a conclusive hydric soil determination. As such extensive
obscsvations are expensive and inconvenient, visible morphological indicators that
integrate and preserve the effects of recurring conditions are the usual indicators of
hydric soils (USDA NRCS, 1996). These indicators are widely accepted as the
morphological signature produced by a chemical environment associated with
prolonged saturation and anaerobiosis.
Some soils with hydric characteristics, however, do not develop detectable
field indicators. This may be due to parent materials with colors that imitate or
obscure hydric morphological features, or to chemical conditions such as high pH,
low organic carbon content, or low iron content that inhibit indicator formation.
One such soil condition occurs in a variety of seasonally-ponded depressions
found throughout the western United States known as "playas." In geological
terminology, a playa is a flat and generally barren lower portion of an internally-
drained arid basin that periodically floods and accumulates sediment (Neal, 1975).
In pedological terms, a playa is "an ephemerally flooded, vegetatively barren area on
a basin floor that is veneered with fine-textured sediment and acts as a temporary or
as the final sink for drainage water" (Glossary Committee, 1997). Shallow
groundwater allows capillary forces to bring water and dissolved solids to the
surface. Such a setting tends to create conditions of salt accumulation, high pH, and
low organic carbon.The objectives of this project were to characterize the hydrology and water
chemistry of a playa and its soils, to determine whether the soils in the playa
landscape are by definition hydric soils, to evaluate currently accepted field
indicators of hydric soils in playas, and to propose new indicators based on the data
obtained.
Site Description
Observations were made in a playa near the western boundary of the Maiheur
National Wildlife Refuge, about 60 km south of Burns, Oregon, within the
northernmost extension of the Basin and Range physiographic province. The playa,
which we refer to as the Saddle Butte playa, is at the edge of the Hamey Basin, which
evolved as a downwarp assisted by the collapse of large calderas intoan evacuated
magma chamber. In the late Cenozoic, the basin received lava flows, ash flow tuffs,
and tuffaceous sediments derived from surrounding volcanic activity. These
sediments are covered by alluvium and lake deposits eroded largely from the
volcanic rocks of the adjacent uplands. Thin, well-defined layers of 6,900year old
Mazama ash lie I to 2 m below the surface. Alluvial fans extending into the basin
contain fragments of basalt, welded tuff, obsidian, and sand-sized magnetite (Walker,
1979).
During pluvial Pleistocene times the basin contained a 10m deep lake. This
has shrunk in more recent times to the remnant Malheur and Hamey Lakes. The lake
basin in most years holds broad, shallow lakes and marshes, but has historically beencompletely dry during extreme droughts and much more extensively ponded in wet
sequences of years (Johnson et al., 1985). Saddle Butte playa is about 500 m from
and slightly higher than a densely-vegetated marsh; ponding and shallow water tables
occur in the playa during the winter/spring rainy season.
Climate in the region is semiarid with long, severe winters and short, dry
summers. January temperatures range from an average maximum of 2.1°C. to an
average minimum of -8.7° C; July temperatures range from 30.1 to 11.2° C. Mean
annual precipitation is 255 mm (sd=65 mm), with a large percentage falling as snow.
Precipitation maxima occur from November to January and in May, while the
minimum occurs from July through September.
The landscape in and around Saddle Butte playa consists of four
soil/vegetation zones. The lowest zone is the unvegetated playa. Although the playa
is devoid of live higher plants, a few large dead greasewood plants and remnant
shrub mounds persist, mostly around the periphery. Their presence illustrates the
dynamic nature of the playa over a scale of decades. The dead greasewood plants
clearly were able to germinate and mature under fairly recent, drier conditions that
must have lasted at least a few decades. Soils in the unvegetated playa zone are
mapped as playa miscellaneous land type and classified as fine smectitic, mesic
Sodic Hydraquents. During the dry season the soil surface exhibits polygonal
cracking and is covered with a trona(Na(HCO3)22(H20)) crust 1-2 millimeters thick
The second soil/vegetation zone is adjacent to and surrounds the playa in a
concentric band. We call it the greasewood/saltgrass zone because it is sparsely
vegetated by greasewood (Sarcobatus vermiculatus (Hook.) Torrey) with stands of['I']
reze
inland saltgrass (Distichlis spicata (L.) Greene) interspersed among the shrubs.
Greasewood is a phreatophytic, halophytic shrub common to lower topographic
positions in the Great Basin (Robertson, 1983; Harr and Price, 1972; Rickard, 1965).
The Wetland Plant Indicator Status of greasewood is FACU+, and that of inland
saltgrass is FAC+ (Reed, 1988). The soils in this zone are mapped in the
Skidoosprings series and are classified as coarse-loamy, mixed, superactive,
calcareous, frigid Aeric Halaquepts.
The third soil/vegetation zone forms a concentric band adjacent to and around
the second. We call it the greasewood/rabbitbrush zone because the plant
community is dominated by greasewood, saltgrass, and green rabbitbrush
(Chrysothamnus nauseosus (Palla.) Britt. ssp. consimilis (E. Greene) H.M. Hall &
Clements). Green rabbitbrush is a phreatophyte that commonly co-occurs with
greasewood, but it is less tolerant of alkaline and saline soils (Donovan et al., 1996),
and it is not listed on the wetland plant list (Reed, 1998). The soils in this zone are
mapped in- the Alvodest series and are classified as fine, smectitic, mesic Sodic
Aquicambids.
The fourth soil/vegetation zone consists of remnant mounds of high lake
terraces in a stream-dissected area and represents localized uplands within the basin.
We call it the sagebrusb/rabbitbrusblbluegrass upland zone because the plant
community is dominated by Wyoming big sagebrush (Artemisia tridentata
ssp.wyomingensis (Nutt.), green rabbitbrush, and alkali bluegrass (Poajuncfolia
Scribn.). Wyoming big sagebrush is a nonhalophytic upland species; alkali bluegrass
is found in moist or dry alkaline meadows (Cronquist et al., 1977). Neither speciesoccurs on the wetland plant list. Soil bodies in this zone are too small to map
independently at 1:24,000, but a pedon described within this zone is classified as an
ashy over loamy, mixed, superactive, mesic Xeric Torriorthent.
Approximately 0.5 km beyond the fourth zone, the surface rises steeply up the
wall of thc basin. The hillslope soil is represented by Middlebox gravelly sandy
loam (ashy-skeletal, glassy, nonacid, frigid Vitrandic Torriorthents) formed in
residuum and colluvium from pumiceous and tuffaceous materials. Middlebox soils
have a gravelly sandy loam surface, have moderately rapid permeability, and are well
drained. The hillslope vegetation community is dominated by Wyoming big
sagebrush, mountain big sagebrush (Artemisia tridentata ssp. vaseyana (Nutt.), and
bunchgrasses.
Methods and Materials
Monitoring
Three monitoring sites were installed along a permanent 225 m transect from
the lowest point in the unvegetated playa through the higher vegetated portions of the
basin. The difference in elevation between the lowest and highest sites, as
determined by surveyor's transit, was 0.37 m. A fourth monitoring site was installed
atop a 0.78 m high remnant lake terrace. Instruments at each site consisted of
piezometers, platinum electrodes, and thermocouples.
Long-term groundwater observations were made at each site using
piezometers. These were constructed as prescribed by Austin (1994), and installed intriplicate at depths of 25, 50, and 100cm. One additional piezometer was installed at
each site to a depth of 200 cm. Reductionloxidation conditions were measured with
platinum electrodes constructed and installed according to procedures outlined by
Austin (1994) and Szogi and Hudnall (1990). These, too, were installed in triplicate
at depths of 25, 50, and 100 cm. Additional electrodes were installed prior to the
third year of the project at depths of 2.5 and 10 cm in the center of the unvegetated
playa, and at 5 cm in a greasewood shrub mound near the boundary between the
unvegetated playa and the vegetated zone. We used a calomel reference electrode;
potentials were adjusted to the standard hydrogen electrode by adding 244 mV to all
readings. Single Type K thermocouples were installed at each site at depths of 25,
50, andidOcm. Additional thermocouples were installed at depths of 10 and 2.5 cm
in the unvegetated playa prior to the third year of data collection. Temperatureswere
measured with a Cole Palmer Digi-Sense Digital Type K thermocouple thermometer.
Ponding depth was measured at each site, and the extent of pondingwas observed
along a permanent transect extending along a line intercepting the 4 monitoringsites.
Readings and measurements were performed approximatelyevery two weeks during
the wet season, and less frequently at other times.
Monthly precipitation data were available from the Malheur National Wildlife
Refuge station at Voltage, OR, for 1959 to 1998. Temperature data from thesame
station were available for 1961 to 1998. Some evaporation datawere also available,
but only for April through September, and many data pointswere missing. These
data, therefore, were not used. Long-term estimates of ponding duration andextent,
groundwater depth, and soil temperature at 50 cm were made by comparing91
temperature and precipitation data for the 3 years of the project with long-term
monthly and cumulative monthly data from the Voltage weather station.
Water Chemistry
Water samples for chemical analysis were collected during the 1998 wet
season.High amounts of suspended materials in ponded surface water made it
difficult to obtain clear solutions for analysis. Ponded surface waters were put
through 1.0 m pore size. cellulose acetate membrane filters directly into 20 ml
polyethylene scintillation bottles. Samples intended for analysis of iron and
manganese were acidified below pH 2 with 100l of concentrated HC1 to stop
biological activity, inhibit adsorption onto container walls, and impede oxidation of
reduced species (Buffle, 1988). Acidification induced some flocculation of
suspended materials. After transport to the laboratory, samples were centrifuged at
20,000 g for 10 minutes and put through 0.2 1um pore size cellulose acetate
membrane filters. These procedures considerably reduced total dissolved solid
contents of samples.
Subsurface water samples were collected from sealed piezometer tubes. After
taking a hydraulic head reading, the original piezometer cap was replaced with an air-
tight cap penetrated by two valved plastic tubes. One tube was used topp water
out of the piezometer while simultaneously filling the piezometer with argon gas
through the other tube. The valves were then closed and the tube allowed to refill
with groundwater for 12 to 18 hours. Samples of this water were then extracted into92
a syringe, all the while under argon pressure, and filtered through 0.2 micrometer
filters directly into scintillation bottles.
Water samples from saturated surface soil beneath the pond were obtained by
damming a spot using the upper half of a plastic drywall compound tub, removing
surface water with a cup and sponge, and quickly excavating the 3-4 cm of saturated
surface soil. This was immediately placed in a plastic freezer bag; air was expressed
from the bag, which was then sealed. Saturated soil samples were kneaded in the bag
and extruded through a small hole cut in the corner of the plastic bag directly into 50
ml centrifuge bottles, which were filled to the top and capped immediately. Soil
solution was separated by centrifuging at 33,000 g for 90 minutes in a Sorvall
Superspeed RC2-B refrigerated centrifuge using an SS-34 rotor. Collected solution
was then decanted into scintillation bottles, some of which were acidified as above,
and run through 0.2 micrometer pore size cellulose acetate filters.
Pond water and soil solution samples were analyzed for major cations(Al3,
Ca2, Mg2, Na, Fe3, Mn2) on a Perkin Elmer Optima 3000DV inductively coupled
photometer. Reported values are the means of 3 replicate readings. Commercial
standards were used. Major anions (Cl, F, HB03, SiO4
2-,SO4
2.)were analyzed on a
Dionex 2000 ion cliromatograph with an AS4A-SC colunm. Nitrate, ammonium,
phosphate, and reduced iron were determined using a Lachat colorimetric analyzer.
Solution pH was measured with a Sper Scientific pH analyzer with combination
electrode, calibrated to pH 7 and pH 10. Electrical conductivity was measured on an
LF191WTW Conduktometer. Dissolved (<0.2 micrometer) organic and inorganic
carbon were measured on a Dohrmann DC-190 high-temperature carbon analyzer.93
Chemical speciation, charge balance, and saturation indices were estimated using the
Minteq program (Allison et al. 1991).
Soil Morphological, Physical, and Chemical Data
A backhoe pit was dug to 2 meters depth near each monitoring site. Complete
profile descriptions were made and samples collected for physical and chemical
characterization. Pit samples were examined at 1 5x and 30x magnification using a
binocular microscope to verify features described in the field. Additional pits, and a
100 m long trench from the unvegetated playa into the greasewoodlsaltgrass zone,
were dug later in the project to substantiate earlier observations.
Standard analyses of soil physical and chemical parameters were performed at
the NRCS laboratory in Lincoln, Nebraska on bulk soil samples of each horizon from
the soil pit at each monitoring site. Analyses included texture, organic carbon,
dithionite-citrate extractable Fe, Al, and Mn, CEC, bulk density, water content,
extractable bases, EC, acid oxalate extractable Fe, Si, and Al, pH, COLE,
exchangeable Na, Ca, Mg, K, and mineralogy by optical grain count.
Results and Discussion
Sagebrush/rabbitbrushlbluegrass Upland
This zone was neither ponded nor saturated within 100 cm of the surface at
any time during the three years of the study (Figure 4.1). The soils are very strongly400
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Figure 4.1. Redox, hydrology, and soil temperature insagebrushlbunchgrass zone.
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Eh 100 cmalkaline in the upper horizons, but become moderately alkaline with increasing depth
(Table 4.1). Electrical conductivity data (Table 4.1) suggest that the upper horizons
are very slightly to slightly saline and the deepest horizons are nonsaline.
Redox potentials at all measured depths were static and within the aerobic
range through all seasons (Figure 4.1). The only morphologic evidence of
redoximorphic processes was the presence of hard nodules and redox depletions deep
in the profile, in the 2C and 3A horizons (Table 4.1). No Pt electrodes were
installed in these horizons, but data from the 200 cm piezometer did show that the 2C
and 3A horizons became saturated during periods of highest groundwater levels in
the basin. Because the upper part of the soil was neither saturated nor ponded, and
Eh levels remained within the aerobic range, we conclude that the soils in this zone
are not hydric.
Greasewood/rabbitbrush zone
The soil surface in this zone was never ponded, and the "upper part" was
never saturated, i.e. there was never any water in the 25 cm piezometer (Figure 4.2).
Groundwater was observed in the 50 cm piezometers on only 2 isolated reading dates
over the course of the 3 years. Piezometers at 100 cm did contain water every year,
indicating the soil at that depth did become saturated periodically. Temperatures at
100 cm were above 5° C for at least a few weeks each year at times when the soil at
100 cm also was saturated.Table 4.1. Summary of soil properties in sagebrushlbunchgrass zone.
Depth Hori-ClaySandMoistStruc- Bound- EC Org. CFed3MndRedox
(cm) zonf)Color ture'ary pH2(dS/m)(%) Features
0-6Ak 9 611OYR3/3lmIcplcs 9.2 3.10.70 0.50.1 --
6-18Bk 8681OYR4/32f/mplcs 9.7 2.6 0.21 0.50.1 --
18-28Ckl 7 711OYR4/3M cs 9.8 3.40.23 0.5 tr --
28-51Ck2 6751OYR4/3 cs10.0 4.00.21 0.4 tr --
5 1-74Ck3 7 611OYR 5/2 Cs10.1 4.00.30 0.3 tr --
74-115IICk416251OYR 4/3 gs10.0 4.5 0.21 0.4 tr --
115-147lICkS10 181OYR4/3M CS 9.1 1.1 0.07 1.1 tr --
147-177IIC 13 161OYR3/3M 8.6 0.80.06 1.2 trf2hFeMnnd
C2f 3/2 pd
177-240lilA 2 171OYR4/3M 8.0 0.40.02 1.60.1flhFend
clh Fend
1=weak, 2=moderate; f=fine, m=medium, C=coarse; pl=platy, M=massive; c=clear, g=gradual; ssmooth
21:2 soil:water, 0.O1MCaCl2
extractable by dithionite-citrate method
f=few, C=common; 1=fine, 2=medium; s=soft, h=hard; f=faint, d=distinct; nd=nodules; pd=pore depletions, pl=pore linings,
sm=soft masses400
350
300
250
200
150
100
50
(1
/
IIcrlIIIIII
I Iii: I I I
I
Jan96 Jun96 Jan97
40
35
30
25
0
rd
,)n )
15
10
5
0
Jun97 Jan98 Jun98
Temperature 50 cm Eh 25 cm 'Eh 50 cm
IEh 100 cm
ISaturation 100 cm
Figure 4.2. Redox, hydrology, and soil temperature in greasewood/rabbitbrushzone.The soils in this zone are moderately alkaline and range from very slightly to
slightly saline in the upper 50 cm to nonsaline in deeper horizons (Table 4.2). The
Azi horizon contains appreciable amounts of organic carbon, unlike the rest of the
profile. Groundwater sampled from 100 cm depth late in the 1998 wet season (Table
4.3) had near-neutral pH and ionic strength about 1/7 that of sea water. The solution
was dominated by Na and C1, with high concentrations of Ca2, Mg2,H4SiO4and
SO42-relative to most terrestrial waters (Stumm and Morgan, 1996). Levels of
dissolved organic carbon, Fe2, Fe3, andMn2were low.
Redox potentials (Figure 4.2) at all depths fluctuated only slightly between
300 and 400 mV and were insensitive to fluctuations in temperature and groundwater
saturation. Groundwater pH of 7.07 at 100 cm (Table 4.3) suggests that redox
potentials below 350 mV at that depth could be indicating anaerobiosis. Although
the organic carbon content is very low, the concentration of manganese in
groundwater was high relative to terrestrial waters (Stumm and Morgan, 1996),
suggesting that some reduction of manganese is possible. Redox potentials are not
low enough to reduce iron, and indeed the iron concentrations in the groundwater
were low relative to terrestrial waters. Nevertheless, the data show that the soil was
both saturated and anaerobic at a time when the soil temperature was above 50 C. but
only at a depth far too great to meet the definition of hydric soils. We conclude that
the soils in this zone are not hydric.
Redoximorphic features were not present in the upper horizons of the soil in
this zone; all horizons deeper than 51 cm did contain redoximorphic features of some
kind (Table 4.2). The Bkl horizon, which was saturated briefly on two occasions,Table 4.2. Summary of soil properties in greasewood/rabbitbrush zone.
Depth Hori-ClaySandMoistStruc- Bound- EC Org. CFed3MndRedox
(cm) zonQ Color ture'ary pH2(dS/m)(%)Q)L Features4
0-7Azi39 8IOYR3/32cpl cs 8.0 2.9 1.40 0.5 tr --
7-17Az225 10IOYR 5/32mplcs 8.3 5.30.25 0.9 tr --
17-28Bkzl15 13IOYR5/32fpI cs 8.2 3.90.16 0.5 tr --
28-51Bkz212 181OYR4/21fp1/ptcs 8.2 2.10.12 0.7 tr
2vfsbk
51-81Bk! 924IOYR4/32fpl/ptas 8.0 0.60.06 1.1 trcId4/2pd
2vfsbk
81-92Bk2 6 14IOYR4/3lfp!/ptas 8.1 0.40.04 1.10.1cld4/4Fesm
2vfsbk clhFend
92-153Bk3 7 111OYR 5/3Imp!br 8.1 0.40.05 1.4 trcid 4/4 Fe sm
clh Fend
153-204Cl 0.1 151OYR4/1M 7.9 0.20.02 1.50.1 --
l=weak, 2=moderate; vf=very fine, f=fine, m=medium, C=Coarse; pl=platy, M=massive; aabrupt, c=clear, ggradual;
s=smooth, brbroken
21:2 soil:water, 0.O1MCaC12
extractable by dithionite-Citrate method
"f=few, c=Common; 1=fine, 2=medium; s=soft, h=hard; f=faint, d=distinCt; ndnodules; pd=pore depletions, plpore linings,
smsoft masses100
Table 4.3. Chemistry of 100 cm groundwater, greasewood/rabbitbrush zone.
Groundwater
at 100 cm
Al3 20
H3B03 n.d.
Ca2 1775
C1 12,385
F 8
Fe2 1
Fe3 14
315
Mg21 1530
Mn2 10
Na 8,300
H4SiO4 2,470
so42- 1,545
DIC 440
DOC 0
EC(dS/m) 1.14
Ionic strength (M) 0.01
pH 7.07
Approximate reduction thresholds:
02 346
Mn 196
Fe 146
5042 -154
Concentrations in umo1 1'.101
contained dark gray depletions along root channels. The Bk2 and Bk3 horizons,
which were within the zone of groundwater fluctuation, contained high chroma soft
iron concentrations, but only in soils beneath shrub mounds. Our measurements of
redox potential and organic carbon, on the other hand, were taken only from soils in a
shrub interspace. Because the carbon contents are so low both in the interspace soil
(Table 4.2) and in the groundwater (Table 4.3), it is entirely possible for the soil to
remain aerobic despite periodic saturation (Ponnamperuma, 1972) in the interspace
soils. Soils beneath shrub mounds would be expected to have higher contents of
organic carbon (Doescher Ct al., 1984), so that the same degree of soil saturation
easily could result in the formation of redox concentrations.
The Bk2 and Bk3 horizons also contained hard iron nodules that were
identical in appearance to those found in the sagebrusblrabbitbrushlbluegrass zone.
These were present in both shrub mound soils and shrub interspace soils. Although
iron nodules are generally associated with hydric conditions, these nodules are
believed to be formed by a process of Fe-Mn adsorption onto calcite nodules, not by
redox processes (Clausnitzer, 2000). At the field scale it is not possible to
distinguish between these nodules and those in other soils that are formed by
oxidation-reduction processes, which is another reason why nodules alone are not
always reliable indicators of hydric soils (Vepraskas, 1996).102
Greasewood/saltgrass Zone
This zone was ponded every year for durations ranging from 3 to 15 weeks
over the 3 years of observations (Figure 4.3). When ponding occurred after March 1,
as it did in 1996 and 1998, the temperature of the soils at 50 cm was higher than 5° C.
Groundwater saturation in the upper part of the profile (25 cm piezometer),
however, occurred only once, for a few weeks in June, 1998, in conjunction with
unusually heavy rainfall in late spring. Under the more common climate conditions
of 1996 and 1997 groundwater saturation was persistent only at 100 cm.
Soil characterization data shown in Table 4.4 are for a soil in the interspace
between shrub mounds. The soil is very strongly alkaline throughout, slightly saline
in the Al horizon, and nonsaline in all other horizons. Organic carbon contents are
low (0.1-0.26%) in all horizons, which suggests low availability of substrate for
microbial activity that could induce anaerobic conditions. Expressing organic carbon
as soil organic matter (%OC x 1.9 - Nelson and Sommers, 1982) gives a value of
0.5% for the Al horizon, which is well below the 1.5% level below which positive
soil redox potentials can persist for several weeks after submergence
(Ponnamperuma, 1972).
Analysis of groundwater from the 100 cm piezometer (Table 4.5) showed that
the groundwater beneath the greasewood/saltgrass zone was more alkaline, more
saline, and higher in dissolved inorganic carbon than groundwater at the same depth
beneath the greasewoodlrabbitbrush zone. Na and C1 were the dominant ions;
divalent cations(Ca2and Mg) had much lower concentrations. This distribution400
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Figure 4.3. Redox, hydrology, and soil temperature in greasewoodlsaltgrasszone.
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DepthHori- ClaySand
(cm) zon
0-7Al 28 17
7-23A2 18 19
23-42Bwl 8 19
42-60Bw2 7 11
60-84Cl 11 9
84-115C2 10 8
115-157C3 2 10
157-187C4 1 15
MoistStruc- Bound- EC Org. C
Color tur&ary pH2(dS/m)(%)
1OYR4/22fpl as10.6 6.90.26
1OYR4/3lfpllptgs 9.9 1.50.13
2vfsbk
1OYR 5/2+lmpl/ptas 9.6 1.1 0.03
I fsbk
1OYR4/3Imsbkcs 9.4 1.00.04
1OYR 4/2+M gs 9.3 0.60.04
1OYR4/3M cs 9.4 0.60.04
IOYR4/3M as 9.5 0.50.02
2.5Y 3/2M 9.6 0.60.01
Fed3MndRedox
Features4
0.5 tr --
0.5 tr --
0.9 tr --
1.4tr --
1.50.1clf4/2pd
1.70.1fld4/2pd
1.9 trclhFend
1.60.1 --
2=moderate; f=fine, m=medium; pl=platy, lp=lenticular platy, sbk=subangularblocky, M=massive; pt="parting to";
a=abrupt, c=clear, g=gradual; s=smooth, w=wavy, i=irregular
21:2 soil:water, 0.O1MCaC12
extractable by dithionite-citrate method
f=few, c=common; 1=fine, 2=medium; s=soft, h=hard; f=faint, d=distinct;nd=nodules; pd=pore depletions, pl=pore linings,
sm=soft masses105
Table 4.5. Chemistry of groundwater and Al horizon soil water, greasewoodlsaltgrass
zone.
GreasewoodSaltgrass GroundwaterGroundwater
mound stand at 25 cm at 100 cm
Pond depth (cm) 1 2 -- --
Al3 40 10 4 9
H3B03 n.d. n.d. 175 n.d.
Ca2 70 175 290 311
Cl 14,480 8,280 13,960 9,475
F 10 35 25 50
Fe2 9 3 4 2
Fe3 10 3 3 17
260 330 165 28
Mg2 50 20 100 124
Mn2 0 0 4 1
Na 28,280 24,080 24,310 20,150
H4SiO4 3,010 2,750 1,480 2,280
so42- 290 620 2,585 990
DIC 8,800 6,320 7,450 4,050
DOC 3,550 2,100 1,410 125
EC (dS/m) 3.40 2.75 2.98 1.48
Ionic strength (M) 0.04 0.03 0.03 0.02
pH 9.23 9.42 8.62 8.76
Approximate reduction thresholds:
02 218 207 254 246
Mn 68 57 104 96
Fe 18 7 54 46
S042 -282 -293 -242 254
Concentrations in umo111.106
fits the typical pattern in which the less soluble divalent cations accumulate by
precipitation in the drier zones further removed from the center of the playa (Eugster
and Hardie, 1978). Concentrations of reduced Fe and Mn were low, suggesting little
or no reduction of these elements.
Analysis of groundwater sampled from the 25 cm piezometer (Table 4.5)
showed that water at this depth as slightly more saline and slightly less alkaline than
water at 100 cm. At the soil surface, interstitial water sampled from the Al horizon
beneath a saltgrass stand (Table 4.5) had even higher pH, lower divalent ion contents,
and higher dissolved organic carbon than water from the piezometers. Water
sampled from beneath a greasewood mound also had high pH and low divalent
cation, and it was the most saline of all. High salinity and high levels of Na and Cl
reflect release of salts from greasewood leaf litter,, as greasewood is known to
accumulate high concentrations of salts in leaf tissues to maintain turgor (Fireman
and Hayward, 1952). Reduced Fe and Mn concentrations were low in all surficial
and near-surface waters in the greasewood/saltgrass zone.
This zone was ponded for varying durations over the three years of
observations (Figure 4.3). Groundwater saturation in the upper part of the soil profile
(<30 cm depth) occurred only in June 1998 in conjunction with highly unusual heavy
rainfall in late spring. Under more common climate conditions in 1996 and 1997
groundwater saturation was persistent only at 100 cm. Ponding occasionally
coincided with 50 cm soil temperatures above 50 C.
Redox potentials at 25, 50, and 100 cm (Figure 4.3) all were fairly static and
insensitive to changes in ponding, subsurface saturation, or temperature. There was a107
tendency for redox potentials at 25 cm to be a little lower than those at greater depth,
particularly in 1996 and 1997, but given the low values of Eh required to reduce
oxygen at the high pH of both soils and groundwater (Tables 4.4 and 4.5), we
conclude that the soil rarely became truly anaerobic at any of these depths under the
chemical conditions of the soil enviromnent.
Platinum electrodes placed 5 cm beneath the surface of a greasewood mound
in 1998 did drop sharply to 125 mV in response to ponding and warm temperatures
in June of that year (Figure 4.3). This Eh level would induce anaerobiosis, which is
corroborated by higher dissolved organic carbon content in the groundwater (Table
4.5). As further evidence of reduction, a strong odor of H2S gas was detected coming
from the excavated greasewood mound surface horizon concurrent with low Eh
readings. Although reduction of sulfate would require a much lower Eh of
approximately -282 mV, sulfate reduction must have been occurring in strongly
reducing microsites or microlayers that were not in contact with our electrodes. A
distinct but weaker H2S smell was detected in surface soils within adjacent saltgrass
stands, where dissolved organic carbon was relatively high (Table 4.5). This
phenomenon was detected under unusually wet and warm climatic conditions.
Whether it occurs under more normal conditions of late winter-early spring ponding
of this zone while temperatures are much cooler is not known.
Redoximorphic features indicative of wet conditions were scarce in this
profile (Table 4.4). The top four horizons were devoid of any such features. Some
pore depletions were present in the two horizons below 60 cm, and the C3 horizon
below 115 cm contained some nodules that were identical in appearance to thoseobserved in the soils of both outer soil/vegetation zones beyond this one. Wet
sieving of surface soil revealed the presence of nodules like those deep in the soil.
Are the soils in this zone hydric? Summary data (Figures 4.4-4.6) for
unvegetated soils in the interspaces between greasewood mounds and saltgrass stands
support a non-hydric conclusion. In 1996 there were several weeks during which the
soil was ponded and the temperature was above 5° C, but the upper part of the soil
was not anaerobic. In 1997 the soil was never ponded when the temperature was
above 5° C, and the upper part was never anaerobic. In 1998 there was a period in
June when the soil was ponded, the upper part was saturated, and the temperature
was above 5° C, but again there was a lack of anaerobiosis. Soils beneath
greasewood mounds and saltgrass stands contain a little more organic carbon in the A
horizons, and we have evidence from a single year of monitoring that these soils can
at least become anaerobic in the upper part for short periods of time in unusually wet
years. We do not have enough data to say for sure whether these soils are truly
hydric. Since the vegetated soils only occupy about 15% of the area in this zone,
however, we think it is safe to conclude that the vast majority of the soils in this zone
are not hydric.Dec Jan Feb Mar Apr May Jun Jul Aug
Eh<2l8mVat25cm A T>5Cat5Ocm
ponding saturation at 25 cm
Figure 4.4. Summary of hydric conditions, greasewoodlsaltgrass zone, 1996.Dec Jan Feb Mar Apr May Jun Jul Aug
Eh<2l8mVat25cm A T>5Cat5Ocm
pónding saturation at 25 cm
Figure 4.5. Summary of hydric conditions,greasewoodlsaltgrass zone, 1997.A AAAAAAAAAAAAAAAAAAAA-A
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Figure 4.6. Summary of hydric conditions,greasewoodlsaltgrass zone, 1998. E112
Unvegetated Playa Zone
The lowest parts of the playa became ponded each year in late December and
remained ponded continuously until at least May (Figure 4.7). In the unusually wet
year of 1998 the playa was continuously ponded until early July.
The subsoil at 100 cm also became saturated at about the same time the
surface became ponded. At this depth the soil remained saturated continuously until
mid-May or early June, corresponding well with the duration of ponding, but often
lasting a week or two longer (Figure 4.7). The soil at 50 cm also was saturated for
about the same length of time as the deeper soil in 1996 and 1997. In 1998, however,
the soil at 50 cm did not become saturated until very late in the spring.
The soil at 25 cm was saturated each year but for shorter periods of time than
deeper in the soil (Figure 4.7). The time of onset and duration of saturation was quite
variable from year to year, and there was no obvious correlation between it and the
onset and duration of ponding.
Dewatering and excavation to remove samples of surface soil revealed the
hydrological behavior of this playa landscape system. When the surface was ponded,
the soil to a depth of about 6 cm also was saturated. The soil between 6 and 20 cm,
however, was not saturated; the gravimetric water content in this zone averaged
36.8% (n=4, sd=0.27), which was slightly below the laboratory-determined 1/3 bar
water content of 37.1%. This zone remained unsaturated when the soil was both
ponded and saturated at 25 cm, and when the piezometer reading at 25 cm indicated a
pressure head higher than the soil surface. Excavating deeper than 20 cm allowed400
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Figure 4.7. Redox, hydrology, and soil temperature in unvegetated playa.
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water to rise rapidly into the hole from below, accompanied by audible gurgling and
hissing.
It is apparent from these observations that the hydrology is controlled by the
very clayey, platy-structured, Azi and Az2 horizons (Table 4.6). These horizons are
so slowly permeable that water ponded above them moves only a few centimeters
into the soil, and groundwater in the soil beneath them cannot move upward fast
enough to connect with the saturated zone in the upper few centimeters. Ponding
occurs as a result of both direct precipitation onto the playa and overland flow from
the surrounding landscape. Infiltration into soils surrounding the playa movesas
throughflow and collects in the soil beneath the surface, but the soil saturated from
rising groundwater tables and the soil saturated immediately beneath the ponded
water were always separated by an unsaturated zone, at least during the three years of
this study.
Soil temperature measurements at 50 cm (Figure 4.7) indicated that biological
zero (5° C) was equaled or exceeded beginning in the period from late February to
mid-March in each of the years in which measurements were taken.
The soil profile is very strongly alkaline throughout, moderately saline in its
upper horizons, and very slightly saline in its lower horizons (Table 4.6). Organic
matter contents, calculated from organic carbon data, range from 0.6% in the Azl to
0.04% in the C3, all of which are well below the level considered conducive to
development of reducing conditions (Ponnamperuma, 1972).
Chemical analysis of 100 cm groundwater is summarized in Table 4.7. Ionic
strength and pH were considerably higher than in 100 cm groundwater from theTable 4.6. Summary of soil properties in unvegetated playa.
DepthHori- ClaySandMoistStrue-Bound- EC Org. CFed3 Fe04MfldRedox
(cm)zon f) f Color ture'arypH2(dS/m)(%) %,j Features5
0-4Azi64 51OYR 4/32f1as 10.815.50.330.30.12trfis FeMn nd
4-14Az26541OYR 4/32mplas 10.78.40.280.40.11trfis FeMn nd
14-37Bzl20121OYR4/32f1cs 10.8 8.90.110.60.08trflsFeMnnd
37-66Bz29101OYR 5/32mpl Cs 10.7 6.40.071.00.09trfis FeMn nd
66-113Cl 5121OYR5/3M/plgw10.6 3.80.031.40.080.1flsFeMnnd
113-140C2 511 1OYR 3/3M ai 10.6 3.1 0.051.40.080.1fis FeMn nd
fif 3/4 p1
140-168C3 1172.5Y3/2M aw10.42.50.021.20.060.1fif 3/3 sm
fid 3/4, 4/4 sm
168-188C4 7171OYR3/3M gs 10.42.60.031.10.070.1flsFeMnnd
flf4/4 sm
188-210CS 9181OYR3/4M cw10.42.70.031.00.06trflsFeMnnd
flf4/4 sm
210-240C6 13212.5Y4/3MJlp 10.4 3.10.040.80.060.1flf4/4sm
'2moderate; f=fine, m=medium; pl=platy, lp=lenticular platy, M=massive;a=abrupt, c=clear, g=gradual; s=smooth, wwavy,
i=irregular
21:2 soil:water, 0.O1MCaC12
3extractable by dithionite-citrate method
4extractable by acid oxalate method
f=few, c=common; 1=fine, 2=medium; s=soft, h=hard; f=faint, d=distinct; nd=nodules; pd=poredepletions, pl=pore linings,
sm=sofi masses116
Table 4.7. Chemistry of 100 cm groundwater, unvegetated playa.
Groundwater
at 100 cm
Al3 n.d.
H3B03 n.d.
Ca2 40
Ct 387,310
F- 710
Fe2 5
Fe3 0
1,180
Mg2 11
Mn2 1
Na 476,400
H4SiO4 5,460
so42- 30,110
DIC 24,520
DOC 56
EC(dSIm) 14.06
Ionic strength (M) 0.2
pH 10.04
Approximate reduction thresholds (my):
02 170
Mn 20
Fe -30
so42- -330
Concentrations in .tmo111.117
greasewood/saltgrass zone approximately 100 m away. Concentrations of divalent
cations and dissolved inorganic carbon were much lower, and were also low
compared to other terrestrial waters (Stumm and Morgan, 1996). Dissolved Fe and
Mn concentrations were very low.
Groundwater from the 25 cm piezometer (Table 4.8) was more saline than
groundwater at 100 cm.Its chemistry was overwhelmingly dominated by Na and
C1. Concentrations of K, C032, S042, and B (H3B03) were also very high in the
context of terrestrial waters, and much higher than in 25 cm groundwater from the
greasewoodlsaltgrass zone. Conversely, the concentration ofCa2was very low.
Analyses of Az 1 horizon interstitial water as the playa dried from its wettest
state in late winter to near-desiccation in mid-spring are given in Table 4.9. Even
when surface water had nearly evaporated, ionic strength of interstitial water (0.16
molal) were quite low compared to values ranging from 0.084 to 0.4 molal in water
of other playas and saline lakes in Oregon and northern California (Truesdell and
Jones, 1969), and to a value of 2.58 molal at 5 cm depth at Alkali Lake, Oregon
(Matthews, 1992).
Analytical data for the highly turbid water ponded above the playa surface
show a very high concentration of aluminum (Table 4.8). These data likely are
confounded by the difficulty in distinguishing the truly dissolved fraction from fine
colloids of these elements (Stumm and Morgan, 1996). The boundary between
dissolved and colloidal fractions is usually defined operationally as the particle size
ranges that can be separated using filters with 0.45 or 0.2 micrometer nominal pore
size. In natural waters, a significant proportion of colloidal particles will pass118
Table 4.8. Chemistry of surface and near-surface waters, unvegetated playa.
Surface Azi Horizon
Ponded Interstitial Groundwater
Water Water at 25 cm Depth
Al3 672 8 4
H3B03 500 2,580 3,500
Ca2 387 302 15
Fe3 11 2 2
Fe2 17 10 1
642 603 3,297
Mg2 98 89 90
Mn2 27 2 8
Na 25,840 51,290 611,160
H4SiO4 1,232 3,388 4,644
C1 21,920 16,660 570,069
F 374 398 124
S042 1,265 1,445 41,500
DIC (asC032) 9,276 16,220 104,700
DOC 387 1,096 825
EC(dS/m) 3.16 5.18 62.98
Ionic strength (molal) 0.036 0.059 0.7 18
pH 9.78 10.35 10.15
Approximate reduction thresholds (mV):
02 152 114
Mn 2 14
Fe -48 -36
S042 -348 -336
Concentrations in ,umol 1'.119
Table 4.9. Seasonal changes in soil water chemistry of Azi horizon, unvegetated
playa.
3/7 4/6 4/20 5/4
Pond depth (cm) 11 10 6 1
A13 8 11 6 10
H3B03 2580 2040 2780 3330
Ca2 300 300 200 230
C1 16630 20750 22890 120830
F 400 410 510 620
Fe2 10 13 7 6
Fe3 1 1 0 11
600 590 610 1450
Mg2 90 120 50 60
Mn2 2 4 1 1
Na 50720 54760 66160 160500
H4SiO4 3680 3450 4100 5630
5042 1440 2030 2730 10560
DIC 16210 18500 20730 10200
DOC 1100 870 4690 4300
EC(dS/m) 4.34 4.52 4.88 13.71
Ionic strength (M)0.05 0.05 0.06 0.16
pH 10.35 10.26 9.52 9.42
Concentrations in /2mol11.120
through such filters (Buffle, 1988). In our playa water, the sample appeared free of
particles in transmitted light after processing, but the results show an unrealistically
high aluminum concentration (672 pcmolal), far above the thermodynamic saturation
level (<1 1umolal) relative to amorphous Al(OH)3. In contrast, water samples from
both the Azi horizon, which were obtained by centrifugation, and from the 25 cm
piezometer were nonturbid upon collection and were determined to be undersaturated
with respect to amorphousAl(OH)3.
The concentration of dissolved ferric iron in the playa pond water also greatly
exceeds the thermodynamically expected value that would exist in equilibrium with
ferrihydrite, the most soluble soil iron mineral, in a solution of the same ionic
strength. Chemical modeling indicated no evidence of significant iron complexation
with any ligand species that could account for such high analytical activities. Two
explanations for such unusually high concentrations of iron and/or manganese have
been offered: 1) photochemical cycling of iron in shallow waters that can produce
minerals more soluble than ferrihydrite (Stumm and Morgan, 1996); and 2) upward
transport by turbulence of reduced iron and manganese from the water-soil interface
(Hammer, 1986). In our samples, however, the presence of excessively high amounts
of aluminum suggests that colloidal particles have been dispersed by high sodium
concentrations in the pond water, and these dispersed colloids are being detected and
recorded as dissolved when in fact the actual amount of dissolved Al and Fe is
probably much lower.
Another way of expressing the chemistry of both soil and pond water is in
terms of the activities of constituents of interest. Activities were not measured121
directly, but were estimated from concentration data using Minteq software. Such
activities for two water samples are given in Table 4.10. Note particularly high ionic
strength of the groundwater at 25 cm; its value is approximately equal to that of
seawater. Minteq modeling shows that all activities are somewhat lower than the
corresponding concentrations, but because of the very high ionic strength of the
groundwater, which reduces the activities of species in solution, the actual activities
of the elements in the groundwater solution are probably even lower than the
modeled values.
Minteq modeling provides some information on oxygen levels in the water of
the playa soils, for which we have no direct measurements. High salinity limits
oxygen solubility, regardless of any oxygen depletion due to biological respiration.
Groundwater at 25 cm, whose ionic strength is near that of seawater, would attain
dissolved oxygen saturation at 150 C at approximately 80% of the saturated activity in
distilled water. Groundwater deeper in the soil is much less saline, and the effecton
oxygen solubility is much less, lowering oxygen saturation activity to 2-3% below
that of distilled water. These activities would be further reduced by biological
respiration, and the redox potential data (Figure 4.7) indicate that therewere times
during the wet season when the soil did become anaerobic.
Minteq modeling estimated oxygen activity (Table 4.10) of 0 ,umolal in the
groundwater at 25 cm and of3e26in the Az! interstitial water. This is strong
evidence of anaerobic conditions in both parts of the soil. The groundwater sample
had a pH of 10.15, at which the Eh-pH relationship indicatesa redox potential of 164
mY would mark the onset of anaerobiosis. Measured Eh values (Figure 4.7)were as122
Table 4.10. Water chemistry, unvegetated playa at lowest measured Eh.
Az 1 Horizon
Interstitial Groundwater
Water at 25 cm Depth
Al3 6 3
H3B03 2135 2,646
Ca2 258 12
Fe3 2 1
Fe2 6 1
487 2,367
Mg2 66 73
Mn2 1 5
Na 41,179 439,892
H4SiO4 3,049 4,120
C1 13,500 409,202
F 325 91
SO 677 18,641
DIC (asC032) 10,074 62,191
DOC 1,081 700
CO2(g) 11 63
02(g) 3e26 0
Ionic strength (molal) 0.059 0.7 18
pH 10.35 10.15
Eh(mV) 250 100
Activities expressed in units of jimo1es per kg.123
low as 100 mV, substantiating the anaerobic state as indicated by Minteq modeling.
The Azi interstitial water had a pH of 10.35, and the corresponding Eh threshold of
anaerobiosis is at 152 mV, which would suggest aerobic conditions. Possible reasons
for the discrepancy between the modeled condition and the measured state are:1) the
redox thresholds are only approximations; 2) chemical modeling estimates species
activities in a state of equilibrium, which may not have existed in the playa soils; 3)
Eh was not measured at the same spot at which samples of soil water were taken.
Based on the data available, the surface horizon soil appears likely to develop low
oxygen levels while saturated, but we cannot say for sure that it is anaerobic.
Low dissolved02levels resulting from biological respiration in a system not
fully open to the atmosphere would normally coincide with increased concentrations
of dissolved CO2. Minteq modeling of dissolvedCO2in our groundwater and soil
solution samples (Table 4.10) yielded lower, rather than higher values, approximately
two orders of magnitude below the level that would be found in solutions in
equilibrium with atmospheric CO2. One reason for such low values is that high
salinity significantly reducesCO2solubility. Equilibration with atmosphericCO2in
the 25 cm groundwater would be attained at about 85% of the activity at saturation in
distilled water. Perhaps more significant, however, is that at the very high and
strongly buffered pH of these soil solutionsCO2produced by oxidation of the limited
organic carbon pools in these soils would rapidly react to form carbonate and
bicarbonate ions by the equationlogP02= 7.8 +logHCO3 -pH (Sposito, 1989).
Modeled values of ferric iron activity in both soil interstitial water and
groundwater samples were in the same range (ito 6 iimolal) as those found by124
Matthews (1992) in playas in southeast Oregon. BothFe3andMn2were moderate
to high with respect to saline lakes (Hammer, 1986) and for terrestrial soil solutions
in general (Wolt, 1994; Stumm and Morgan, 1996). Dissolved ferrous iron activity
(1 to 10molal) and dissolvedMn2(1 to 5 .imolal) were in the low range in the
wider context of reduced srils, in which they can be as high as several hundred
molal (Xie-Ming, 1985; Wersin et al., 1991). Ponnamperuma (1972) observed
ferrous activity as high as 360 imo1a1 and water solubleMn2as high as 180 umolal
under reducing conditions in high pH soils. The fact that the waters of our playa soils
are very low in both dissolved iron and dissolved manganese agrees well with
measured redox levels (Figure 4.7) that could have promoted only weak manganese
reduction and that, at their very lowest, were above the threshold considered
necessary for significant iron reduction.
Redox potentials at 100 cm remained between 200 and 250 mV most of the
time throughout all 3 years (Figure 4.7). They were insensitive to changes in
temperature, ponding, and saturation, and remained consistently above the level of
anaerobiosis.
Potentials at 50 cm were in the high anaerobic range during the wet season
and in the low aerobic range during the summer. Because the soil was saturated at 50
cm for much of the time during 1996 and 1997 when redox potentials were low
(Figure 4.7), it is tempting to conclude that reduction occurs simply because water
excludes air from the soil, hence microbial respiration must seek electron acceptors
other than oxygen. While that undoubtedly occurs, it's not the whole story. The
1998 data (Figure 4.7) show that low redox potentials occurred for several weeks125
while the surface was ponded, but the soil at 50 cm was not saturated. These data
suggest that the soil at 50 cm became anaerobic because surface ponding effectively
cut off the oxygen supply to the soil, so that as microbes used up the oxygen
remaining in soil pores, the rate of replenishment by exchange of air with the
atmosphere was too slow to maintain aerobic activity. Thus the redox environment at
50 cm is impacted by both subsoil saturation and surface ponding.
Potentials at 25 cm clearly reflect anaerobic conditions in the wet season and
aerobic conditions in the dry season. Potential fluctuations corresponded most
closely with the presence or absence of surface ponding, even though there was a
zone of unsaturated soil between 25 cm and the depth of saturated soil immediately
beneath the pond water. The 1998 data (Figure 4.7) illustrate this best, as the redox
potential dropped to a stable low level upon onset of ponding, months before
groundwater rose to saturate the soil at 25 cm. Thus the major factor influencing
anaerobiosis seems to be cutoff of oxygen replenishment by surface ponding,
although redox potentials at times when the soil was both saturated and ponded were
lower at times than when ponding was the only factor involved.
Prior to the 1998 wet season additional electrodes were installed at 10 cm, in
the unsaturated zone, and at 2.5 cm, in the zone saturated by ponded water. The soil
at these two depths contains a little more organic carbon than lower horizons (Table
4.1), which would lead one to suspect greater microbial activity and lower redox
potentials. The data (Figure 4.7) show, however, that redox potentials were almost
identical at both depths, remained static in the low aerobic range, and were
insensitive to changes in temperature, ponding, or saturation.126
Redoximorphic features were very scarce throughout the profile (Table 4.5).
Iron-manganese nodules were present in almost every horizon, but these were of the
same type as those found in the other soil/vegetation zones around the playa and not
redoximorphic features. Some of the deeper horizons contained few, fine, faint soft
iron masses, but these are too deep to satis'y the requirements of either the hydric soil
definition or any of the field indicators of hydric soils (USDA-NRCS, 1996). Neither
indicator TA 1 (playa rim stratified layers) nor indicator TF8 (redox spring seeps) was
met, as both require darker colors and/or common, distinct or prominent redox
features as soft masses or pore linings.
Data pertinent to the parameters of the hydric soil definition are summarized
in Figures 4.8-4.10. During each year of observation redox potentials in the
approximate range indicating anaerobiosis overlapped with temperatures above
biological zero and with ponding saturation of the top 6 cm of soil for periods of 5
weeks to 7 months. Hydric conditions clearly existed in the playa soil during these
years. The unvegetated playa soil is a hydric soil, despite the lack of a clear
morphological signature and the failure to meet any of the existing hydric soil
indicators.
Given that the playasoilformedunder conditions of saturation, ponding, or
flooding long enough during the growing season to create anaerobic conditions in the
upper part, does it possess hydric conditions with sufficient frequency to meet the
requirements of a wetland? To do so would require that hydric conditions are met for
a minimum of 14 days in at least half the years in a long period of years (National
Research Council, 1995). The Natural Resources Conservation Service (USDA-Dec Jan Feb Mar
Eh<184mV at 25 cm A T>5 Cat 50cm
Apr May
Iponding
Figure 4.8. Summary of hydric conditions, unvegetated playa, 1996.
Jun Jul Aug
saturation at 25 cmDec Jan Feb Mar
Eh<l84mVat25cm A T>5Cat5Ocm
Apr May
Iponding
Figure 4.9. Summary of hydric conditions, unvegetated playa, 1997.
Jun Jul Aug
saturation at 25 cmDec Jan Feb Mar Apr
Eh<184mV at 25 cm A T>5 C at 50 cm
May Jun Jul Aug
Iponding saturation at 25 cm
Figure 4.10. Summary of hydric conditions, unvegetated playa, 1998.130
NRCS, 1998) determines soil moisture regimes by conditions occurring in "normal"
years, which have characteristics within one standard deviation of the long-term
mean. During the three years of our field observations, precipitation and late-winter
air temperatures at Saddle Butte playa were well above the long-term mean (Tables
4.11 and 4.12). The third year of observation was one of the wettest and warmest
years on record, and also had extremely unusual heavy later spring rainfall.
Table 4.11. Saddle Butte precipitation.
Cumulative Average SD
Precipitation (mm) 1995/61996/71997/8 1959-1998 1959-1998
November-December 88.8 78.0 42.8 53.4 31.7
November-March 185.5 165.0 159.3 122.8 47.5
November-May 269.8208.8 299.8 175.4 59.2
November-June 285.5225.8 335.3 207.0 60.8
Table 4.12. Saddle Butte mean monthly air temperatures, 1959-1998.
Month Degrees C mm
November 2.1 28.2
December -2.3 25.2
January -2.2 24.9
February 1.0 19.1
March 3.5 25.5
April 6.9 21.3
May 11.6 31.2
June 15.4 24.8
Only the 1996/97 water year, which begins in the fall and runs through the
following summer, would be considered a normal precipitation year, i.e. within 1 SD131
of the mean. This year had the shortest observed duration of spring ponding, drying
completely by the end of April. The nearest weather station (Voltage, OR) received
194 mm of precipitation from November through April, well above the 39 year mean
of 144.1 mm. This amount was equaled or exceeded in only 11 of 39 years,
suggesting that the playa may not remain ponded through April, but dries up
somewhat earlier in most years. Mean January-February and January-March
temperatures for this year (Table 4.12) also were within one standard deviation of the
long-term mean.
Based on the data of this "normal" year, hydric conditions occurred for a total
of about 5 weeks in mid-March to late April, somewhat exceeding the required 14
day minimum. In a year with average precipitation and late-winter air temperatures,
we might expect ponding to disappear a little earlier and soil temperatures to rise
above 5° C a little later than in 1997. This would reduce the period during which
hydric conditions persisted to something less than 5 weeks, but we think the
probability is high that hydric conditions would last for at least 2 weeks in more than
half the years. Given the high annual climatic variability of arid and semiarid
environments such as those in the northern Great Basin, 3 years' data is not enough to
draw conclusions with absolute certainty. We think, however, that the data support a
conclusion that the soils are hydric and that hydric conditions probably exist with
sufficient frequency to meet the hydric soils part of wetland classification.
Existing field indicators of hydric soils (USDA-NRCS, 1998) do not work,
primarily because they are based on the development of redoximorphic features
associated with the reduction of iron. There are no such features in the soil of the132
unvegetated playa because the pH and the redox potentials are too high and the
contents of organic carbon and dissolved iron are too low for them to form. Simply
stated, there is no morphological signature of the hydric soil conditions under which
this soil formed.
In lieu of a morphological field indicator, we think the best field evidence for
the boundary between hydric and non-hydric soil is indicated by the extent of
greasewood encroachment into the playa. Greasewood is very widespread
throughout the northern Great Basin, where it often encircles playas (Robertson,
1983). It is a primary colonizer of shorelines of saline water bodies that become
exposed due to climatic or hydrologic conditions (Richards et al., 1994). It survives
high salinity, sodium concentration, and boron concentration (Gates et al., 1956;
Richards et al., 1994; Donovan et al., 1997), but its roots, which generally extend
down to the groundwater capillary fringe (Donovan et al., 1996), are limited by
hypersaline and/or anoxic groundwater (Richards et al., 1994). Greasewood roots
observable in our pits appeared to conform to this pattern. It appears that the limit of
greasewood also coincides with the maximum extent of ponding when temperatures
are above50 C, i.e. ponding formore than 2 weeks in the greasewood/saltgrass zone
occurred only when the soil temperatures were colder than 50 C. Thus we would
offer a new indicator for testing, Playa Greasewood Margin, the validity of which can
only be determined by observation and data collection from many more similar
environments in the northern Great Basin.133
Conclusions
The hydrology of the playa soil-landscape is very strongly controlled by the
stratigraphy of the soils in the unvegetated playa at the innermost and lowest part of
the system. A horizons in the playa soil are very high in clay content and have platy
structure, which together render them very slowly permeable. Soils in surrounding
soil/vegetation zones lack these restrictive layers and are much more amenable to
infiltration. At the onset of the wet season, water that infiltrates moves into the soils
surrounding the unvegetated playa, then moves laterally toward the playa, ultimately
accumulating in the lower parts of the playa soils and rising toward the surface as the
season progresses. Precipitation that exceeds the infiltration rate in surrounding soils
runs off and accumulates on the playa surface as pond water. Only the upper few
centimeters of surface soil become saturated by infiltration beneath ponded water. A
zone of unsaturated soil remains between the saturated surface soil and the
groundwater rising from below. Both ponding and subsurface saturation commence
in late December, at which time soil temperatures at50cm are below5° C.
Temperatures rise above 5° C in late March, by which time only the unvegetated
playa remains ponded for any length of time, except for occasional, short-duration
events triggered by unusually high late season rainfall.
Soil pH's in the unvegetated playa and the adjacent greasewood/saltgrass
zone are all above 9.0. Organic carbon contents are all lower than 0.33%. Under
these conditions soil redox potentials would have to fall to approximately150mV to
induce anaerobiosis, and to approximately -40 to reduce iron. With little substrate to134
support microbial activity, it's no surprise that redox potentials never even
approached the threshold for iron reduction, and only the unvegetated playa soil
became anaerobic for any length of time. Water chemistry data confirmed that
dissolved iron was present in very low amounts, and much of that measured as
dissolved iron may in fact have been very fine particulate matter dispersed as colloids
in the soil water.
Minteq modeling of water chemistry data also showed that oxygen contents
were extremely low in the soil water of the unvegetated playa. Three factors
contribute to the development of these anaerobic conditions: 1) ponded water serves
as an effective barrier for replenishment of depleted oxygen supplies by exchange
with the atmosphere; 2) high salinity of soil water reduces the amount of oxygen that
soil water can retain in solution; 3) biological activity, though limited by carbon
substrate, is likely present at some low level, especially in surface horizons.
We found that the soils of the unvegetated playa were the only ones in which
there was sufficient overlap among the duration of ponding, the presence of
anaerobic conditions in the upper part, and soil temperature above50C to meet all
aspects of the hydric soil definition. These are hydric soils, and considering the
climatic conditions during the 3 years of observations in relation to long term
conditions, we think it is likely that hydric conditions adequate to meet the definition
are present in more than half the years.
Hydric soils in the unvegetated playa lack a morphological signature of the
hydromorphic process because iron and manganese contents are low, redox potentials
are too high and too invariant, and the soils' lack of roots, low porosity, and platy135
structure allow for few localized points where mobilization, transport, and
immobilization of iron and manganese can occur. As a result, none of the currently
accepted field indicators of hydric soils can be used to confirm the hydric soil status
of these soils. We propose that a better field indicator is the limit of greasewood
encroachment on the unvegetated playa, as greasewood can tolerate conditions of
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Chapter 5
IRON-MANGANESE NODULES IN AN ALKALINE PLAYA
David Clausnitzer
Department of Crop and Soil Science, Oregon State University140
Abstract
Nodules of iron and manganese are often found in soils that undergo periods
of saturation. In most regions of the U.S., however, nodules are considered not to be
reliable hydric soil indicators because they are often either relict features of earlier
conditions or are transported artifacts. A companion study determined soils in an
alkaline playa in southeast Oregon to be hydric. However, the soils exhibited no
recognized hydric morphological features due to conditions of high pH, low organic
carbon contents, and low Fe-Mn contents. Fe-Mn nodules, present throughout the
soil profile, were evaluated as a possible hydric soil indicator. Nodules were
analyzed by SEM, XRD, thin section microscopy, and Fe-Mn extraction techniques.
An array of three related nodule types was found: 1) gray/brown nodules cemented
by calcite; 2) gray/brown nodules with regions of Fe-Mn cementation; and 3) black
nodules entirely cemented by Fe-Mn. All nodule types contained hematite and
shared many matrix minerals in common. Only black nodules lacked calcite. Fine
soil (<15 m diameter) contained smectite, kaolinite, and illite; the latter two clay
minerals were absent from all nodule types. Black nodules were found to contain
about 15% Mn and 9% Fe by weight, compared to less than 1% of either element in
the whole (<2mm diameter) soil. These nodules are probably not formed by redox
processes. We present a hypothesis wherein dispersed smectite coagulates as soil
water salinity increases with evaporation. Smectite coagulation would occur at much
lower salinities than those required to coagulate illite and kaolinite, leading to
segregation of smectite into nodules. Due to decreased water activity from matric141
forces, these fine-pored smectitic nodules would provide sites for preferential calcite
precipitation. Absorption of dissolved Fe and Mn onto calcite surfaces would create
a diffusion gradient of Fe and Mn toward the calcite nodules. Ferrolysisand reaction
of Mn ions with bicarbonate would then produce acidity that would dissolve calcite,
resulting in replacement of calcite cement by Fe-Mn cement.142
Introduction
Solubility of iron and manganese in high pH soils, which are common in arid
and semiarid regions, is very low due to the tendency of trivalent ions of those
elements to precipitate as hydroxide compounds. Particularly low redox levels are
then required to reduce the metals in the hydroxide compounds to more soluble
divalent ions (Stumm and Morgan, 1996). This situation inhibits the processes of
dissolution, redistribution, and precipitation of iron and manganese even in wet,
anaerobic alkaline soils. Pore linings and soft masses of iron and manganese
(Vepraskas, 1996), concentrated in microsites to the extent that they are readily
visible in the soil matrix, indicate the mobility of those elements due to reductive
processes in soils. Such concentrations are common in hydric soils, and their
presence allows inferences to be made about the hydrology and biology of a soil
without the necessity of long-term hydrologic observations or site visits in wet
seasons. Conversely, absence of morphological indicators of hydric soils complicates
the delineation of wetlands for administrative and management purposes.
Nodules and concretions of iron and/or manganese are firm to extremely firm,
irregularly shaped concentrations with diffuse to sharp boundaries. Their mode of
formation is not well understood, but they are believed to form when air penetrates
quickly into an alternately reduced and oxidized soil matrix at a point containingFe2
andMn2(Vepraskas, 1996), causing the metals to precipitate at that point. As
indicators of hydric conditions, nodules are considered to be unreliable because 1)
they may be relict features of formerly wetter conditions; 2) they may have been143
formed elsewhere and transported to their present location; or 3) they can be found in
surface horizons of many soils that are not hydric soils. Presence of diffuse iron
halos around nodules has been interpreted as evidence that nodules are forming under
current conditions (Gaiffe and Kubler, 1992). When not associated with diffuse
boundaries, measurements of saturation are necessary to verif' that they reflect
current hydric conditions (Vepraskas, 1996).
Iron-manganese nodules have often been observed in poorly-drained sites
with high alkalinity, salinity, and carbonate content. Sanz et al. (1996) found them
associated with calcium carbonate nodules in the same soil horizons. Calcite nodules
occurring in saline-sodic soils with fluctuating groundwater in Punjab, India
frequently were infused with concentrations of iron and manganese (Sehgal and
Stoops, 1972). Mermut and Dasog (1986) concluded that calcite glaebules formed
first, with iron and manganese slowly migrating into them from the soil matrix. In all
of the above cases the nodules were considered to have been formed in situ.
PedogemcFe-Mn-CaCO3nodules in soils with alternating reducing and oxidizing
conditions have also been observed by Chakravarty et al. (1982), Nahon (1991), and
Blockhuis et al. (1968/1969).
We found iron-manganese-calcite nodules in a saline, alkaline playa in
southeastern Oregon in the course of an investigation into hydric soils at a site with
high pH and low iron and organic carbon contents. The nodules constituted the only
discernible features of the playa soils that could potentially serve as hydric soil
indicators. The objectives of this research were to examine the relationship of the144
nodules to the hydrology, mineralogy, and soil solution chemistry of the playa, and to
assess their utility as hydric soil indicators.
Site Description
The playa is located in the Harney Basin of southeast Oregon, just outside the
Malheur National Wildlife Refuge. The area is the northernmost extension of the
Basin and Range physiographic province.The Harney Basin evolved as a
downwarp assisted by the collapse of large calderas into an evacuated magma
chamber. In the late Cenozoic, the basin received lava flows, ash flow tuffs, and
tuffaceous sediments derived from the surrounding volcanic activity. Miocene basalt
from Steens Mountain was followed by airborne pyroclastic material and ash flows.
These are covered by alluvium and lake deposits eroded largely from the volcanic
rocks of the adjacent uplands. Thin, well-defined layers of 6,900 year old Mazama
ash lie 1 to 2 m below the surface. Alluvial fans extending into the basin contain
fragments of basalt, welded tuff, obsidian, and sand-sized magnetite (Walker 1979).
During pluvial Pleistocene times the basin contained a 10 m deep lake. This
has shrunk in more recent times to the remnant Matheur and Hamey Lakes. Current
water levels vary with climatic fluctuations; the lake basin has historically been dry
during extreme droughts (Johnson Ct al. 1985), while wet series of years inundate
much wider areas.
Climate in the region is semiarid with long, severe winters and short, dry
summers. January temperatures range from an average maximum of 2.1°C. to an145
average minimum of -8.7° C. July temperatures range from 30.1 to11.2° C.Mean
annual precipitation is255mm(sd=65mm), with a large percentage falling as snow.
Precipitation maxima occur from November to January and in May, while the
minimum occurs from July through September.
Methods and Materials
Three monitoring sites were installed along a 225 m transect from the
unvegetated playa center to the higher, vegetated parts of the basin. The difference in
elevation between the lowest and highest sites, as determined by surveyor's transit, is
0.37 m. A fourth monitoring site was installed atop a vegetated remnant of an
ancient lake shoreline, 25 m from and 0.78 m higher than the highest vegetated basin
site. Instruments at each site consisted of piezometers, platinum electrodes, and
temperature sensors (Clausnitzer 2000). Readings and measurements were
performed approximately every two weeks during the wet season, usually late
December to mid-May, and less frequently at other times.
Free surface water, ground water, and centrifuged interstitial water samples
were obtained periodically through the wet season for extensive chemical analysis.
Chemical speciation of the results was modelled using the Minteq program (Allison
etal., 1991).
Soil samples frompitsat each site and numerous points of the playa surface
were shaken for 1 hour in a dilute sodium metaphosphate solution and wet-sieved at
0.5 mm. Nodules were collected from the resulting coarse fraction with tweezers.146
Polished thin sections of soil and nodules were ground to 30 micrometer thickness
after vacuum-impregnation of samples with resin. Thin sections were prepared by
Spectrum Petrographics, Winston, OR. Specimens were examined and photographed
using a polarizing microscope. Whole and crushed nodules for scanning electron
microscopy were mounted on aluminum SEM mounts using DUCO cement or
carbon adhesive, and coated with spectroscopic carbon to a thickness of about 30
angstroms in a Varian VE1O vacuum evaporator. SEM photography was done on an
AmRay Model 3300 FE scanning electron microscope using Polaroid Type 55
positive/negative film.
Soil mineral identification was 'performed by X-ray diffraction. Nodules were
ground gently in a mortar and pestle and mounted on quartz slides. Bulk soils were
prepared for clay mineral analysis after the method of Glasmann and Simonson
(1985); this method removed particles larger than 15 m diameter. Carbonates were
not removed from samples prior to preparation. Slides were X-rayed using
monochromatic CuKa radiation at 40kV and 35MA with a 0.02° 2-theta increment
and a 1 s count time on a Phillips model XRG 3100 automated XRD unit with Jade
software.
Extraction of iron and manganese from nodules and bulk soils was performed
by the dithionite-citrate and ammonium oxalate methods (Soil Survey Laboratory
Staff, 1992). Determination of iron and manganese in the extracts was by atomic
absorption spectrometry.
Elemental composition of cements was determined by electron microprobe.
Five transects, each approximately 40 1um in length, and each consisting of 5147
microprobe "hits", were run across cemented regions of a completely black-cemented
nodule.
Results and Discussion
Monitoring data for hydrology, redox potential, and temperature all indicate
the presence of hydric conditions in the unvegetated playa (Clausnitzer, 2000).
Because of high pH, mildly reducing redox potentials, and low levels of Fe, Mn, and
organic carbon (Tables 5.1 and 5.2), however, conditions are not conducive to
formation of standard hydric soil indicators.
Table 5.1. Soil chemistry.
Organic
Depth carbon Fed Mnd BC
(cm) (%) (dS/m)j
2.5 0.33 0.1 0.3 tr 15.46 10.8
25 0.11 0.1 0.6 tr 8.86 10.8
Table 5.2. Soil solution chemistry.
Eh range
(mY)
220-290
80-260
Depth EC Na Ca2 Fe2 Fe3 Mn2
(cm) pH (dS/m)(uM)(uM)(uM)(uM)(uM)
2.5 9.8 13.72140,000 160 10 2 2
25 10.2 51.55611,000 15 1 2 8148
Ferric iron activity in the soil interstitial solution and groundwater samples
were in the same range (1 to 6molal) as those found by Matthews (1992) in playas
in southeast Oregon, and also in the midrange for saline lakes (Hammer, 1986) and
terrestrial soil solutions in general (Wolt, 1994; Stumm and Morgan, 1996).
Chemical modeling calculations estimated ferric iron activities of both solutions as
being slightly above thermodynamically-expected equilibrium levels with respect to
ferrihydrite. Ferrous iron activity (1 to 10 Rmolal) was in the low range in the wider
context of reduced soils, in which it can be as high as several hundred j.molal (Xie-
Ming, 1985; Wersin et al., 1991), and of high pH soils under reducing conditions in
which ferrous iron activity has been observed as high as 360 umolal
(Ponnamperuma, 1972). This is in line with measured redox levels that, at their very
lowest, stayed above the range considered necessary for significant iron reduction.
Redox potentials in the playa would have promoted only weak manganese
reduction. Measured activities of reduced manganese (2 to 8 umolal) were moderate
to high in the context of saline lakes (Hammer, 1986) and terrestrial soil solutions
(Wolt, 1994; Stumm and Morgan, 1996), which usually range between <0.01 and 3
umola1, but low in the narrower context of reduced soils (Meek et al., 1968; Xie-
Ming, 1985), which can be several hundred imolal. Ponnamperuma (1972) found
submerged alkaline soils to contain up to 180 mol& water-soluble Mn2t
Organic soil carbon content was low, measured at 0.33% in the surface
horizon and much less in lower horizons. An estimate of soil organic matter content
of 0.6% and less was calculated using a conversion factor of 1.9 to convert carbon to
organic matter (Nelson and Sommers, 1982). Ponnamperuma (1972) stated that149
positive soil redox potentials can persist for several weeks after submergence in soils
with organic matter content less than 1.5%.
Black nodules were observed throughout the soil profile, including the
uppermost centimeter, in the soil exposed in a pit dug in the unvegetated playa.
Nodule abundance and size ranged from common very fine to few fine. The
impression formed from field observations was that the nodules were not clastic
particles, due to their rounded shape and softness. They appeared similar to nodules
observed in more typical wet soils (Drosdoff and Nikiforoff, 1940; Stewart, 1997)
exhibiting acidic to neutral pH and strongly reducing conditions. Since individual
nodules were not surrounded with haloes of soft redox masses, and were also found
in parts of the basin that are currently not hydric, they were suspected of not having
formed in place under current conditions.
Wet-sieving of the surface 4 cm of the unvegetated playa soil revealed 3
classes of apparently related nodules: the all-black nodules (Figure 5.1 a) described
above that were visible in the undisturbed soil matrix, and comprised less than 1% by
weight of the total soil; brown (1OYR 4/3) nodules of the same color as the matrix
soil (Figure 5db); and brown nodules exhibiting zones of varying extent and
combinations of red stains, black spots, black dendritic formations, and solid black
cementation (Figures 5.lc and d). The latter 2 classes had been very inconspicuous
within the matrix due to their color, even though they jointly made up about 5% of
total dry soil weight. Brown nodules and parts of nodules effervesced violently in
dilute HC1, indicating presence of carbonate. Black and red zones in nodules slowly
dissolved, producing a red (2.5YR 4/6) color in the HC1 solution suggestive of iron,152
and leaving behind brown matrix material. All nodule types were assumed to have
formed within the matrix soil, the brown ones due to the similarity in color to the
matrix, and the all-black ones due to their delicate, regular framboidal (raspberry-
like) surface morphology that showed no indications of wear due to transport.
Thin section photographs (Figures 5.2a and b) of nodules under plane-
polarized light showed that many of the superficially brown matrix-like nodules
contain regions of opaque black cementation, red stains, and gradations between
black and red regions. These regions occur both on the surface and in interiors of
nodules. The red stains were interpreted as accumulations of hematite (Fitzpatrick,
1984). Black areas are likely to be zones of higher iron concentrations
(Schwertmann, 1993) or of both iron and manganese oxides (Fitzpatrick, 1984).
Opaque black regions showed a reddish tint under reflected light, suggesting the
presence of iron (Sidhu et al., 1977). Under cross-polarized light (Figures 5.3a and
b), extensive calcite cementation in brown nodule zones was apparent from the
twiniding effect upon rotation of the stage, due to high birefringence.
Nodules containing dendritic black formations were similar in appearance to
calcite nodules described by FitzPatrick (1984), Blokhuis et al. (1968/69), and Sanz
et al. (1996), who identified the dendrites as manganese dioxide with little or no iron
present. The dendrites appear as spots where they intersect the surface of the nodule.
Mineralogy of the clay to fine silt fraction (<15 urn) of the surface matrix soil,
as analyzed by x-ray diffraction, consisted of primary and secondary minerals
conimon in sediments derived from volcanic sources (Figure 5.4). Hematite was theCo
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Figure 5.4. X-ray diffraction of surface soil.156
only detectable iron mineral in this fraction. Magnetite, known to be common in the
sand-size fraction of basin soils (Walker, 1979), was not detected, but would have
been removed from samples by centrifugation. No manganese minerals could be
identified.
Comparative mineralogy of the fine matrix soil and the three nodule classes is
summarized in Table 5.3. A common parent material for fine soil and nodules is
suggested by the ubiquitous presence of quartz, anorthite (Ca-feldspar), and
heulandite (a zeolite derived from volcanic ash). However, the presence of sanidine
(K-feldspar) in nodules would be expected given its presence in the fine soil, and its
absence from our sample is difficult to explain in the assumed context of common
parent materials. Montmorillonite was common to all nodules and the fine soil. The
absence of halloysite from the fine soil may be explained by the low resistance of
halloysite to weathering relative to illite, smectite, and kaolinite (Allen and Hajek
1989). Nodule interiors probably provide a sheltered environment that allows greater
persistence of halloysite. The absence from nodules of two other clay minerals, illite
and kaolinite, is not attributable to differences in weathering resistance; this problem
is addressed later in this paper.
Calcite was present only in nodules exhibiting brown color at least in part, and
was absent from all-black nodules. All nodule types contained the easily-weatherable
minerals augite and biotite, both absent from the fine soil. These minerals are
probably protected from weathering inside the nodules. Cristobalite, present in all
nodule types but not in the fine soil, is a diagenetic silicate that occurs as a cement in
volcanic detritus. It is common in high pH playas, and tends to precipitate as the157
Table 5.3. Comparative mineralogy of soil and nodules.
Brown nodules
with black andAll-black
Mineral Fine soilBrown nodules red zones nodules
Quartz X X X X
Anorthite X X X X
Sanidine X
Heulandite X X X X
Montmorillonite X X X X
Illite X
Kaolinite X
Hematite X X X X
Magnetite X X X
Cristobalite X X X
Augite X X X
Biotite X X X
Halloysite X X X
Calcite X X
playa dries up (Blatt et al., 1980). Its exclusive presence in the nodules may be
explained by the observation that carbonates and Fe-Mn hydroxides, present
predominantly in the nodules, can act as preferred sites for precipitation of
cristobalite (Drees et al., 1989).
Iron and manganese contents of all-black nodules and the fine fraction (<2
mm) of the soil, as estimated by oxalate and dithiomte-citrate extractions, are shown
in Table 5.4. The fine fraction of the soil would contain most of the nodules, few of
which were greater than 2 mm diameter. Dithionite-citrate extractable manganese
represents pedogenic manganese, or the total of secondary crystalline, poorly
crystalline, and organically-complexed soil manganese. Dithionite-citrate extractable
iron represents pedogenic iron, or the total of secondary crystalline (hematite in this158
Table 5.4. Extractable Fe and Mn of playa surface soil and nodules.
Mnd' FeJFed
Nodules 14.8 1.0 8.7 0.1
Fine soil trace 0.1 0.3 0.3
case), poorly-crystalline (ferrihydrite), and organically-complexed iron. Oxalate
extractable iron represents poorly-crystalline and organically-complexed iron.
Magnetite is partially extractable by oxalate despite its crystallinity (Parfitt and
Childs, 1988); its presence in nodules, as indicated by x-ray diffraction, may have
inflated the oxalate-extractable estimate of poorly-crystalline iron. Separation of
magnetite from samples using a hand magnet was not feasible because magnets
removed a wide variety of soil particles, including nodules.
The data in Table 5.4 illustrate the localization of soil iron and manganese into
nodules. The degree of concentration of manganese in nodules is particularly high,
considering that the soil contains only trace amounts of manganese. Also noteworthy
is the relatively higher crystallinity of iron in nodules compared to crystallinity of
iron in the fine soil, as indicated by their ratios of FeJFed. This suggests greater
stability over time of iron within nodules, enabling development of a higher degree of
crystallization. Fine iron particles dispersed within the soil matrix would be more
soluble than the larger iron accumulations in nodules, encouraging seasonal
dissolution and precipitation and inhibiting crystallization.
A closer look at the structure of black cemented nodules is shown in scanning
electron micrographs. Figure 5.5a shows the undisturbed surface of a nodule. The159
interior of the nodule is visible through an opening in the surface that is surrounded
by layers of clay. Visible within are angular matrix particles. Higher magnification
of material within the same opening Figure 5 .5b gives a clearer picture of assorted
matrix particles; regions of particles cemented by a dark substance are visible in the
center of the photograph. Porosity is evident within the nodule. Figure 5.5c shows
matrix particles and surrounding cement.
Electron microprobe transects on cemented zones in an all-black nodule
showed cements to consist primarily of manganese (mean = 16.7%, SE = 4.4%) and
iron (mean = 8.4%, SE = 1.25%). Calcium made up only 1.9% (SE = 0.3%) of
cemented interparticle regions.
A field observer encountering these all-black Fe-Mn cemented nodules would
almost surely assume that they were morphological signatures formed as the result of
redox processes. Such observer might also consider possible implications of their
presence in the soil: 1) they are currently forming under existing hydrology and redox
conditions; 2) they are relicts of former conditions different from current ones; or 3)
they formed elsewhere and were transported with alluvial sediments to their present
locations.
Current conditions of high pH, low levels of soil Fe, Mn, and organic carbon
(Table 5.1), and only mildly reducing redox potentials (Clausnitzer, 2000), rule out
the likelihood of redoximorphic nodule formation under current hydrology and redox
conditions. Formation under relict conditions seems to be ruled out because the
upper 1 to 2 meters of alluvial accumulation of sediments in the Hamey Basin
postdates the eruption of Mount Mazama some 6900 years ago. Thus the entire soilsT:
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in which nodules were observed is younger than the last major pluvial period, and
although there have been years wetter than those observed in this study, it is unlikely
that the chemistry of the soil and the soil solution (Table 5.1) was sufficiently
different from today's conditions to allow much nodule formation. And finally, the
allogenic origin and transport mechanism seems unlikely because the delicate,
regular framboidal (raspberry-like) surface morphology of the nodules shows no
indication of wear due to transport.
How, then, did these Fe-Mn nodules form? An alternative hypothesis is
suggested by the presence, noted above, of a sequence of nodules ranging from those
that are completely carbonate-cemented through those that have increasing amounts
of Fe-Mn cementation and culminating in those that are almost totally cemented with
Fe and Mn. According to this hypothesis, the carbonate cement is being replaced by
Fe and Mn that is in solution under conditions of high soil solution pH and ionic
strength. Near total replacement results in nodules that look very much like redox
nodules, but in fact are not. An environment that alternates between strongly
reducing and oxidizing conditions is not required, and the process can and does take
place in the surface horizon of present soils.
Variations in soil solution conditions that explain shifts in chemical activities,
and thus changes in physical state, of cementing compounds are due to changes in
activities of protons (pH), electrons (Eh), and water. A general theory of
nodulization involving a variety of cementing agents has been proposed by Drosdoff
and Nikiforoff (1940), Nahon (1991), and Tardy and Nahon (1985). This theory
states that soil nodules develop preferentially by precipitation of dissolved cements in163
matrices of fine porosity. A solution that is saturated or slightly undersaturated with
respect to a particular mineral when in a large pore may become supersaturated with
respect to that mineral when transferred to a small pore, due to the decrease in the
chemical potential of water by matric forces. As a soil dries, the tendency of a
mineral to precipitate increases not only because of the increase in concentration as
the amount of water diminishes, but also due to withdrawal of the soil solution into
regions of increasingly fine porosity. As pores become partially filled with the
precipitate they become increasingly favorable sites of further precipitation.
This process provides a likely model for the formation of calcite-cemented
nodules in the playa soil. It could operate given apparently random heterogeneity of
pore sizes within the soil matrix, which would be accentuated as small pores were
further reduced in diameter by initial precipitation of calcite within them. X-ray
diffraction showed that nodules contained montmorillonite, while lacking the illite
and kaolinite also present in the matrix soil. Zones of montmorillonite would tend to
have finer porosity than sites also containing the much coarser illite and kaolinite.
It is possible that particle size sorting and associated pore size heterogeneity
are not simply random, but are connected to the seasonally-varying solution
conditions of the playa. High sodium concentrations, both in soil interstitial
solutions and surface ponded water, promote dispersion of clays, as was apparent in
the high turbidity of the ponded water. Total electrolyte concentrations of the
solutions vary widely over the course of a year (Figures 5.6a and b), being relatively
dilute after inputs of rain and groundwater, but gradually becoming much higher as
the playa evaporates to a saltpan in summer. Although clays are dispersed by sodium,Is1
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Figure 5.6a. Seasonal changes in chemistry of surface interstitial water
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in dilute solutions, they will eventually flocculate as total electrolyte concentration
reaches the critical coagulation concentration (ccc).
The ccc of a pure specimen clay is affected by a variety of factors. If the clay
surface adsorption sites are saturated with monovalent cations, typically sodium, the
ccc is much higher than if the clay is saturated with divalent cations (Sposito, 1989).
Different clay minerals have different ccc's, and the extent of monovalent cation
adsorption affects different clays to different extents (Sposito, 1989; Oster et al.,
1980). Considering clays saturated by monovalent cations, ccc's for common clay
types fall into these ranges: illite, 48± 11 mol m3; kaolinite, 10±4 mol m3; and
montmorillonite, 8±6 molm3(Sposito, 1989). Clay ccc's have been shown to
increase with pH; kaolinite and illite are much more sensitive to this effect than
montmorillonite (Goldberg and Forster, 1990; Hesterberg and Page, 1990). The
presence of even small amounts of smectite can increase the ccc of kaolinite
(Churchman, 1993). Presence of specifically-adsorbed ligands such as humate,
carbonate, and silicate, all present in moderate to large amounts in the playa soil
solutions, greatly increase ccc's of clays; kaolinite was found to be about 10 times
more sensitive to this effect than smectite (Frenkel Ct al., 1992).
None of these effects on pure specimen clays are as clear-cut in the case of
mixed soil clays. However, given the wide differences of these effects on
dispersibility of various pure clay types, smectite would be expected to have a
distinctively lower ccc than both illite and kaolinite in a mixed clay system with high
pH and high ligand content. Frenkel et al. (1992) found smectitic and kaolinitic soil
clays to have ccc's respectively 6 to 8-fold and 25-fold higher than corresponding167
specimen clays. These differences may provide a mechanism for segregation of
initially dispersed clay types as the salinity of the suspending solution changes.
Electrical conductivities of ponded water and surface soil interstitial solution,
as shown in Figures 5.6a and b, provide estimates of ionic strength. Estimating ionic
strength from EC requires choosing one of many empirical relationships that yield
estimates varying over a range of 36% (Wolt, 1994). Our estimate is based on an
equation, I (mol L') = 0.01 14EC (dS m'), derived by Leffelaar Ct al. (1983) from
flooded soil extracts in an EC range encompassing those found in the playa.
Electrical conductivities in the playa represent ionic strengths ranging from a low of
about 40 molm3to a high of over 150 mol m3, all of which are higher than the ccc's
of pure montmorillonite, illite, and possibly kaolinite. However, the high levels of
pH, carbonate, and silica in the playa solutions would cause ccc's to be much higher
than those of specimen clays, and into the range of seasonal fluctuations found in the
playa.
Wide fluctuations in soil solution ionic strength coupled with distinct ccc
differences among soil clay component types suggests a mechanism whereby
montmorillonite may be segregated from other clay minerals, and provide an
explanation for the exclusive presence of montmorillonite in playa Ca-Fe-Mn
nodules. Assuming dispersion of all clays in the dilute solutions present at the
wettest part of the season, montmorillonite would tend to flocculate before illite and
kaolinite as salinity increased with the gradual evaporation of the playa waters. The
high mobility of smectite due to its small particle size (Churchman et al., 1993)
would encourage its segregation.PID]
Given the ionic composition of the playa solutions, calcium carbonate is the
least soluble salt present and would precipitate first as salinity increased (Hardie and
Eugster, 1970). As discussed previously, calcite would precipitate preferentially in
small soil pores as the playa dried out. Montmorillonite flocs would be sites of very
fine porosity, providing sites for formation of calcite nodules.
Once formed, calcite nodules subsequently would have to become
impregnated with Fe and Mn migrating from the matrix in order to produce the
nodules we observed. This process was described by Mermut and Dasog (1986),
who, based on '4C studies with similar nodules, concluded that Fe and Mn migrated
from the soil matrix to calcite nodules over a relatively long period of time.
Dissolved iron and manganese were present at low levels in the playa solutions
(Table 5.1); impregnation of calcite nodules would be necessarily slow.
Dissolved iron has a strong tendency to precipitate onto calcite surfaces,
providing a mechanism for removal of iron from the adjacent solution and creation of
a diffusion gradient that would concentrate dissolved iron in the vicinity of calcite
nodules. In laboratory experiments, Loeppert and Hossner (1984) found that ferric
iron ions reacted with dissolution products of calcite at the calcite surface to form
ferrihydrite, while ferrous iron reacted on the calcite surface to form goethite or
lepidocrocite. In our nodules, hematite was the only crystalline form of iron detected
by XRD; presence of ferrihydrite was inferred from results of oxalate extraction.
Ferrihydrite is the precursor of soil hematite, which crystallizes from ferrihydrite by
dehydration (Schwertmann and Fischer, 1973; Schwertmann and Taylor, 1977;
Kampf and Schwertmann, 1982). Formation of ferrihydrite (and thus hematite)versus goethite is a competitive process determined by chemical parameters of the
solution. Ferrihydrite is favored by high dissolved silica content (Tardy and Nahon,
1985; Schwertmann, 1985), high temperatures (Schwertmann and Taylor, 1977), and
low water activity due to small pores (Tardy and Nahon, 1985), dessication in the dry
season, and high salinity in the wet season. All of these factors are prevalent in the
upper horizons of the playa soil, and explain the presence in the nodules of
ferrihydrite, and its successor hematite, rather than goethite. Transformation of
ferrihydrite to the more-crystalline hematite is favored by high temperatures and low
organic carbon content (Schwertmann and Taylor, 1977; Kampf and Schwertmann,
1982; Cornell and Schwertmann, 1979); this preponderance of crystalline iron over
amorphous or poorly crystalline iron is reflected in the low Feo/Fed ratio of the
nodules (Table 5.3).
A mechanism for precipitation and diffusive concentration of manganese is
provided by the affinity of manganese ions for calcite surfaces. Adsorption of
manganese by calcite was demonstrated in experiments by McBride (1979), who
showed significant removal ofMn2from solution, most likely attributable to
adsorption ontoCaCO3surfaces rather than oxidation and precipitation. Manganese
is also adsorbed by hydrous oxides of iron and manganese, particularly at high pH,
creating an inner sphere complex between manganese oxide surfaces andMn2
(Khattak and Page, 1992).
The process of ferrolysis (Brinkrnan, 1970), in which dissolvedFe2andFe3
react with water to precipitate iron oxides, releases protons. The protons produced
have been shown to dissolve clay minerals (Brinkman et al., 1973; Nahon, 1991) and170
calcite (Loeppert and Hossner,1984).The Mn adsorption process suggested by
McBride(1979):
Mn2+HCO3=MflCO3(adsO)+ H
H+CaCO3+Ca2+HCO3
resulting in the net reaction:
Mn2+CaCO3+MnCO3( + Ca
also results in the release of calcite-dissolving protons. These mechanisms would
gradually replace calcite cement with Fe-Mn cement, producing the observed array of
nodules, from those cemented solely by calcite through those in which calcite is no
longer detectable.
Nodules were also common at the depth of high groundwater levels in shrub
mound soils about 100 m upslope from the unvegetated playa. This area had the
greatest observed abundance and distinctness of soft Fe-Mn masses near or in the
playa. However, individual nodules were not directly associated with haloes of soft
redox masses. It is possible that at this location, soft Fe-Mn masses form due to
typical redox processes, while nodules form independently in the maimer described
above.
According to current concepts of hydric soils indicators, Fe-Mn nodules in a
soil with demonstrated hydric conditions could be considered a pedogenic indicator
of those conditions. However, closer examination of the structure and mineralogy
suggests that although the playa nodules are pedogemc, their formation is most likely
due not to hydric conditions, but rather to an entirely different process peculiar to
periodically wet soils with high pH and fluctuating ionic strength.171
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Chapter 6
CONCLUSION
David Clausnitzer
Department of Crop and Soil Science, Oregon State University177
Hydric soils definitely do exist in both the vernal pooi and the alkaline playa
we studied. Occurrence of hydric conditions was not a foregone conclusion, given
the relatively short time the soils are ponded and/or saturated during the assumed
season of biological activity, and given the low amount of organic carbon available to
serve as substrate for microorganisms.
Once the physical and chemical environments of the pools were described, it
was not surprising that soil morphological indicators of hydric conditions were either
inconspicuous or absent. The poois' soil environments are simply not conducive to
substantial dissolution and redistribution of iron and manganese. In the case of the
alkaline playa, virtually no soil morphological indicators could be discerned. Iron-
manganese nodules, while present, appeared to be formed by chemical and physical
processes unrelated to wide shifts in soil redox potentials. The extent of greasewood
encroachment onto the playa appeared to be the best indicator of the extent of hydric
conditions. The vernal pool exhibited clear morphological indicators of hydric
conditions, but these indicators were insufficiently abundant and distinct to qua1if' as
any currently-accepted indicators. We proposed new indicators, specific to these
pools, that must be tested more widely within the region before they can be used.
Temporary pools in semiarid areas appear to be out of place when encountered
within hundreds of square miles of landscape covered with vegetation adapted to dry
conditions. Their contrast with their surroundings suggests an ecological importance
greater than might be imagined given their ephemeral nature and small areal extent.
Within the semiarid landscape, they serve as concentrated sources of drinking water,178
breeding sites, invertebrate prey, and herbaceous forage for birds, mammals, and
amphibians during the critical spring season.
The vernal pooi would qualify for federal protection as a wetland based on
standard criteria. We cannot say with certainty what proportion of these pools,
numerous in southeast Oregon, could be classified as wetlands. Although we
understand in a general way the ecological functions and importance of these vernal
pools, specific details are lacking. Lacking also is knowledge of the impacts of cattle
grazing on the condition and functioning of these pools.
The alkaline playa did not qualify as a jurisdictional wetland under the
accepted wetland definition due to its lack of vegetation. Its ecological importance as
a point of seasonal water accumulation and biological activity is apparent; in other
words, the playa serves some of the functions commonly associated with wetlands.
Expanded criteria for wetland classification could bring playas such as this within the
jurisdiction of wetlands protection laws. However, the need for such protection,
given our present knowledge, is not obvious.179
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